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Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

INTRODUCTION

1.1 Background
This report is a product of a technical 
assistance hired by the World Bank, offered to 
the Municipality of Panama in the context of 
the Panama City Waterfront Redevelopment 
and Resilience Program. This study aims to 
support Panama City to realize the visions of 
the SEA (Coastal System of Open Spaces) 
initiative for the Tocumen watershed and its 
coastline. The project aims to further support 
efforts to promote the implementation of Nature 
Based Solutions (NBS), in line with publications 
such as Implementing Nature Based Flood 
Protection: Principles and Implementation 
Guidance (van Wesenbeeck et al, 2017) and 
Managing Coasts with Natural Solutions (Beck, 
M.W. and G-M Lange, 2016). 

The overall objective of this study is the 
evaluation of flood hazard and risk in the 
Tocumen catchment both in the present-
day and the future, and of how natural (e.g. 
mangroves and riparian vegetation) and hybrid 
solutions (e.g. mixed nature-based, grey, 
structural and non-structural interventions) 
could contribute to flood risk resilience in 
the study area, which includes the Tocumen 
catchment and the adjacent coastline.

1.2 Study phases
The study involved different work phases or 
studies that constituted inputs for the general 
study presented in this publication, which are 
described below: 

1.2.1 Phase 1: Flood Risk Drivers Study

This study involved:

• The collection and assessment of data/
information relevant for flood risk 
assessment in the Tocumen river basin and 
the provision of the existing data/information 
for the further stages of the project

• The analysis of flood risk drivers in the study 
area, including: intervention of the water 
bodies and ecosystems of the watershed; 
urban processes; socio-economic drivers 
and land-use policies; capacity issues, and; 
flood risk mitigation strategies

• The collection and analysis of the regulatory 
framework and urban planning processes 
underway in the Tocumen river basin

• Reviewing the institutional context and the 
production of a stakeholder map for the 
Tocumen watershed

• The identification and analysis of the 
urban planning process and the regulatory 
framework applied in the watershed

• The identification of current and future 
plans, programs, studies and projects in the 
watershed.

1.2.2 Phase 2: Topographic Survey of 
River Channels and Structures 

This study involves the collection of ground 
level and river cross-section data for the rivers 
Tocumen, Tapia and Tagarete, to be used in the 
preparation of a hydrodynamic model (Phase 4). 

1.2.3 Phase 3: Exposure analysis 

This study collated land-use, property, asset 
and vulnerability dataset used for: 
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• Assessing the exposure and vulnerability of 
people and assets to flood risk

• Simulation of catchment hydrology 
and hydraulics considering land use, 
urbanisation, roughness characteristics, and

• Understanding the impacts of land use 
change in the catchment, and valuing 
the services provided by existing natural 
habitats.

1.2.4 Phase 4: Flood Risk and Coastal 
Assessment of the Tocumen River

This study prepared a detailed evaluation 
of flood and coastal hazard and risk in the 
Tapia and Tocumen watersheds. To support 
this assessment, the study developed a 
hydrodynamic flood hazard model; used 
to evaluate how historical changes (e.g. 
development, river engineering, etc) in the 
catchment have influenced flood hazard and 
risk and to predict how future changes (e.g. 
development, climate change) will further 
influence risk. This model was also used within 
the next study (Phase 5) to explore the cost 
benefit of different hybrid solutions.

1.2.5 Phase 5: Prioritization of Hybrid 
Infrastructure for Urban Flood Risk 
Reduction 

Drawing on Phases 1 to 4, this study set out to:

• Evaluate the potential impact of mangroves 
and other riparian vegetation in reducing 
flood and erosion hazard along the Tocumen 
and Tapia rivers, and Panama City’s 
coastline.

• Assess where and how mangrove and 
riverine ecosystems could be protected, 
expanded or restored to provide a layer of 
protection around urban assets to reduce 
the exposure to flooding and erosion, while 

providing additional benefits (e.g. recreation, 
birdwatching, temperature control etc)

• Evaluate how NBS or hybrid infrastructure 
could be incorporated into the territorial and 
urban layout to provide flood risk control and 
nature-based public spaces in Panama City.

1.2.6 Other ongoing and recent studies

• The study inception overlapped with a 
major initiative to reimagine the waterfront 
of Panama City, the Conceptual Urban 
Development Plan for Panama City’s 
Waterfront, prepared by the Mazzanti + 
Horizontal firm for the World Bank and the 
Municipality of Panama. This study includes 
a proposal for protection and enhancement 
of the Tocumen mangroves, with a low-
impact public access for recreation and 
education. The NBS study has drawn on 
the Waterfront Plan work, building on the 
data gathered and testing the impacts of the 
proposed scheme in the future scenarios for 
the catchment.

• The draft Local Plan developed by the 
Municipality of Panama sets out planning 
policies and land-use zoning for the city. 
This flood risk assessment and NBS study 
both draws on the Local Plan and its 
evidence base, but also seeks to provide an 
enhanced evidence base in order to inform 
future policy and spatial planning.

The relationships between these 
studies and the different phases 
of the overall study are mapped in 
Figure 1-1.
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Figure 1-1: Linkages between the different phases of the study and other related studies
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1.3 Navigating this 
report

Table 1-1 describes how this report has 
been broadly broken down into six elements 
containing all technical decisions and 
calculations. Additionally, some previous 
documents that form different parts of the whole 
study are provided as appendices to this report.

Element Section

Introduction

Overview of the methodology

Overview of the Study Area

Hydrological modelling and extreme sea levels

Hydrodynamic modelling

Baseline flood hazard and risk assessment

Evaluation of potential for nature-based  

solutions: mangroves

Evaluation of potential for nature-based  

solutions: rivers and floodplains 

Assessing future scenarios

Recommendations

1

3

5

7

9

2

4

6

8

10

Table 1-1: Report Structure
The appendices are organized as follows:

• Appendix A contains the inception report 

• Appendix B contains the Mission 1 and 
Mission 2 reports

• Appendix C contains the Digital Terrain 
Model report. This provides technical detail 
on how the composite DTM was produced.

• Appendix D contains details of how 
structures were represented in the model

• Appendix E contains model boundary 
conditions

• Appendix F contains details of how the 
vulnerability functions were selected

• Appendix G contains supporting information 
for the mangrove assessment. This provides 
technical details of the changing extents of 
mangroves and coastline over time. 

• Appendix H contains River reach 
assessment. This provides technical detail 
of the morphology analysis of the modelled 
watercourses.
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OVERVIEW OF THE METHODOLOGY

2.1 Overall approach 
The overall approach adopted to generate the 
outcomes of this assessment is summarized in 
Figure 2-1.

Mission 1 & 2
(Appendix B)

Baseline hazard and
risk assessment
(Chapter 6) Assessing future

scenarios
(Chapter 9)

Recommendations
(Chapter 10)

Prioritazion of
hybrid infraestructure
(Phase 5)

•

•

•

Site Visit

Meetings

Capacity Building

•

•

Hydrological modelling

(Chapter 4)

Hydrodinamic modelling

(Chapter 5)
•

•

•

Idenify future scenarios

Hydrodynamic model

adaptation

Analysis of the results

•

•

Recommendations

Next steps

•

•

•

Mangroves (Chapter 7)

Rivers and floodplains

(Chapter 8)

Surface water management

in urban areas (Chapter 8)

•

•

•

•

Topographic survey

(Phase 2)

Flood risk drivers

(Phase 1)

Land use and 

vulnerability (Phase 3)

River reach assesment

(Appendix H)

Desk based
assessment (Chapter 3)

Figure 2-1: Project approach

2.2 Data collection 
and review
A detailed report of the data collection and 
review is included in the inception report in 
Appendix A. Data has been collated from a wide 
range of sources by the World Bank.

2.3 Modelling 
approach
The hydrological and hydrodynamic models were 
a key component of this study. This section is 
intended to provide a brief introduction to these 
models. A detailed account of the modelling 
approach can be found in section 5 of this report.
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2.3.1 Software selection

For the purposes of this study, a 2D HEC RAS 
(version 5.0.7) hydrodynamic model has been 
developed for the study area. This choice of 
approach is appropriate given the aims of 
the project and the information available. The 
2D HEC RAS domain typically provides the 
ability to model complex overland flow routes. 
This approach has been preferred over other 
potential options as it is widely used globally 
and is well supported and documented, making 
it robust for future uses. Additionally, it is a free 
to use modelling package and does not require 
a license, making it easier for the Municipality 
to update and modify when up to date data is 
made available.

Model schematization

The model schematic is shown in Figure 2-2 
below.

2.3.3 Hydrological model and tidal 
boundaries

A hydrodynamic model requires boundary 
conditions, in this case to simulate a series of 
design flood events with return periods between 
1 in 1-year and 1 in 1,000-year, representing 
flooding from pluvial, fluvial and tidal sources.  
The boundary conditions required were:

• A rainfall frequency analysis to create design 
rainfall events.

• Rainfall-runoff models of the upper 
catchments of the Tocumen, Tapia and 
Tagarete which, when simulated using 
the design rainfall events, produce flow 
boundaries into the upper modelled reaches 
of these rivers.

• Calculation of net rainfall, accounting for 
losses to infiltration and for capacity of the 
urban drainage systems.  The net rainfall 
was required to apply as a boundary to the 
2D model to represent direct rainfall inputs.  

• Analysis of extreme sea levels and design 
tides to represent the water level boundary 
with the Bay of Panama.

• An analysis of the joint probability of 
extreme rainfall and tidal events coinciding, 
required to enable the model to be set up 
with combinations of rainfall and sea level 
meeting the required event return periods.

2.3.4 Hydrodynamic model

A hydrodynamic model of the River Tocumen 
and its tributaries was required to assist an 
evaluation of how natural (e.g. mangroves and 
riparian vegetation) and hybrid solutions (e.g. 
mixed nature-based, grey, structural and non-
structural interventions) could contribute to 
flood risk resilience in the study area.

Figure 2-2: Schematic  
of the hydrodynamic model
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For the purposes of this study, a new model of 
the River Tocumen was built using HEC RAS.  
Flow through structures such as culverts are often 
better represented with a 1D solution, whereas 
out of bank flows are often best represented in 
the 2D domain.  The HEC RAS 2D domain is 
typically used for this purpose and provides the 
ability to model complex overland flow routes.  
This approach remains valid as it is an industry 
standard and well understood making it robust for 
future uses.  HEC-RAS was also favored because 
as a free to use software package, it will allow 
the Municipality of Panama or its consultants to 
use and further develop the model in the future 
without the need to purchase expensive software. 
The key data used to construct the model were 
a composite Digital Terrain Model, composed of 
various sources of ground elevation data, and a 
topographic survey of the channels, bridges and 
other structures and floodplains of the Tocumen, 
Tapia and Tagarete rivers.

2.4 Modelling 
baseline and future 
scenarios 
The model was simulated for the following 
scenarios:

• Baseline catchment conditions (2018), for 
the 1 in 1, 2, 5, 10, 20, 30, 50, 100, 200, 500 
and 1,000-year events 

• Baseline catchment conditions for the 1 
in 10, 30 and 100-year events with rainfall 
intensities increased by 55% and sea levels 
increased by 0.313m to represent the 
impacts of climate change to 2050.

• Baseline catchment conditions with the 
1,000-year sea-level boundaries for present-
day, 2050 and 2090 to test the present and 
future extents of tidal flooding.   

• Three future scenarios representing different 
models of development within the catchment 
to 2050, modelled with present day boundary 
conditions for the 1 in 1, 2, 5, 10, 20, 30, 50, 
100, 200, 500 and 1,000-year events.

• The three future scenarios, with the addition 
of climate change to 2050 for the 1 in 10, 30 
and 100-year events.

2.5 Introduction 
to hazard, risk, 
probability, exposure 
and vulnerability

This section introduces the key concepts of 
hazard, risk, probability, exposure and vulnerability 
which are referred to throughout the report1.

2.5.1 Hazard

A hazard is an event, either natural or man-made, 
which may cause risk to the life, injury or health 
of people, and or damage to infrastructure, 
property, services or the natural environment.

This study is focused on the hazard of flooding 
from the sea, rivers and intense rainfall, and of 
coastal erosion.

2.6 Probability
Probability is the likelihood of a hazard 
occurring. When considering flood hazards, 
this can be expressed as a return period, for 
example an event which, on average, occurs 
once every 10-year is said to have a return 
period of 1 in 10-year.  We can also express this 

1   These concepts are widely applied in Disaster Risk 

Reduction (DRR) e.g. United Nations Office for Disaster Risk 

Reduction (UNDRR) 2019, Mitchell-Wallace K. et al 2017.
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as an Annual Event Probability (AEP), which in 
this case is an event with a 10% (0.1) chance of 
occurring in any year.  

In this study, we have modelled flood hazard for 
the following return periods:

Table 2-1: The probability  
of modelled events

Return  
Period

Annual Event  
Probability

1 in 1-year 100%

1 in 5-year 20%

1 in 20-year 5%

1 in 200-year 0.5%

1 in 50-year 2%

1 in 1,000-year 0.1%

1 in 2-year 50%

1 in 10-year 10%

1 in 100-year 1%

1 in 30-year 3.3%

1 in 500-year 0.2%

• Physical vulnerability.  The materials and 
standards to which a building, road or other 
asset are constructed will determine how 
vulnerable it is to damage due to flooding.

• Social and economic vulnerability.  When 
considering flood risk, poverty is often a key 
indicator of vulnerability.  Poor people are 
more likely to live in poorer quality housing 
which is less able to withstand flooding, and 
may reduce their ability to stay informed 
about flood hazards, to undertake measures 
which reduce their vulnerability, and to have 
the resources to help to recover from a flood 
event (for example building and content 
insurance and political leverage).

• Environmental vulnerability.  Some habitats 
can be particularly vulnerable to flooding, 
especially when flooding occurs out of 
season, for example impacting on ground-
nesting birds.  

2.6.3 Resilience

Resilience is a measure of how a community is 
able to predict, plan for, respond to and recover 
from a hazard. Resilience is often dependent 
upon a range of structural and non-structural 
measures in place including disaster financing, 
flood warnings, appropriate building codes etc.

The way that land, rivers, coastlines and the 
natural environment are managed is known to 
have a significant bearing on flood hazard, and 
hence having effective measures in place to 
manage natural assets is also considered to be 
an important measure of resilience.

2.6.4 Risk

Risk is a combination of the probability of a 
hazard occurring (in this case from fluvial, pluvial 
and coastal flooding), the vulnerability of people 
and the built environment to that hazard, and the 
exposure represented by the number of assets 

2.6.1 Exposure

Exposure is simply a measure of the numbers 
of people, properties, infrastructure, natural 
environments or other receptors to a hazard.The 
higher the exposure, the higher is the potential 
for losses.

2.6.2 Vulnerability

Vulnerability describes those characteristics of an 
asset, community or system which can make them 
more or less susceptible to a hazard, including:
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and people. The risk equation as applied in this 
study is expressed as:

Equation 1: The risk equation

Risk=Probability*Exposure* Vulnerability

As Figure 2-3 illustrates, the geography of 
risk can vary significantly within a river basin, 
depending on the location of hazards and 
exposure.  In area A, there is a high probability 
of flooding occurring (the green outline shows 
the 1 in 30-year flood extents).  Part of the 
urbanized area, including housing, lies within 
the flood extents, so there is significant 
exposure, and this is an area of relatively low-
cost housing, indicative of a lower income 
community, which is likely to be vulnerable to 
the shocks of a flood event. Therefore, in area A 
there is significant flood risk.  

In area B, the probability of flooding is the 
same as in area A, but there are no buildings or 
infrastructure, and consequently no exposure 
or vulnerability, therefore no risks result from 
flooding within this area, at least in its present, 
undeveloped state.  

Figure 2-3:  Illustration of risk  
in the Tapia catchment

2.7 Evaluation of the 
potential for nature-
based solutions

• Section 7 describes how mangroves 
may be incorporated into the suite of 
mitigation measures available for long-term 
management of coastal hazards along the 
Panama City and Tocumen coasts. The 
approach considered the relative stability 
and anticipated longevity of existing coastal 
mangrove communities, the potential for 
mangrove enhancement and opportunities 
for incorporation of mangroves into hybrid 
coastal management solutions, mixing 
natural, man-made and non-structural forms 
of hazard mitigation interventions.

• Section 8 describes the analysis undertaken 
to gain understanding of the existing 
geomorphological functioning of the Tocumen 
and Tapia rivers and their catchments and 
review potential restoration opportunities. The 
approach has considered the river system 
form and behavior, and when possible, focus 
on enhancing natural processes within the 
Tocumen and Tapia basins.

A

B
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OVERVIEW OF THE STUDY AREA

3.1 Coastal 
Conditions

3.1.1 Weather Conditions

Panama City is located in the tropics, at 
approximately 9oN latitude, experiencing hot 
and wet conditions.

Climate conditions in the tropical region are 
developed from tropical uplift that occurs 
due to global-scale Hadley Circulation and 
winds induced by the Earth’s rotation. This 
causes northeast trade winds in the northern 
hemisphere and southeast trades in the 
southern hemisphere, forming an area of 
atmospheric convergence described as 
the Intertropical Convergence Zone (ITCZ). 
Seasonal movement of the solar equator causes 
the ITCZ to change latitude, switching from a 
rainy season with southerly trades from May to 
November, to a dry season with northerly trades 
between December and April (Figure 3-1). 
The persistence and intensity of the seasonal 
conditions is modulated by global and regional 
climate variations.

Panama is outside the direct influence of tropical 
storms (Figure 3-2), including hurricanes, which 
are seasonally dominant to the northwest along 
the west coasts of Central and North America 
(Knapp et al. 2010; Ramsay 2017). The strong 
atmospheric shear occurring adjacent to the ITCZ 
and influence of low Coriolis near the equator 
effectively prevent tropical storms from intensifying 
into hurricanes at low latitudes (less than 10o). 
Alignment of the Central American isthmus also 
acts to keep hurricanes distant from Panama, 
with conditions conducive to hurricane formation 
generally occurring west of 90oW longitude.

Figure 3-1: Indicative Global Circulation 
Patterns for (a) January and (b) July

Figure 3-2: Global Distribution  
of Tropical Storms

Source: Lang & Leslie (2011)

Source: Knapp et al. (2010)

3.1.2 Tidal Setting

Panama has a macrotidal setting, with a tidal 
range of about 7m, which dominates the coastal 
processes of the region. Water levels have been 
measured at Balboa tide gauge since 1907, 
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Figure 3-3: Doodson-X0 Decomposition of 
Balboa Water Level record 1959-2014

allowing detailed analysis of processes affecting 
water levels. Identified characteristics include:

• Panama City experiences macrotidal (7m tide 
range), mainly semi-diurnal tidal conditions;

• Tides have minor seasonal variation, peaking 
in March and September near the equinoxes;

• There has been an overall trend of 1.49 mm/
year sea level rise over the historic record;

• The trend is subject to inter-annual variability 
associated with el Niño / la Niña climate 
variability. Falling mean sea levels have 
occurred since 2004, with a previous mean 
sea level peak during 1997;

• Seasonal variation of mean sea level is 
approximately 0.2m. This is apparently 
strongly linked to latitudinal movement of 
the equatorial trade-winds, with high water 
levels from April through to December and 
low water levels from January to March, 
when northerly trades are dominant;

• The tidal range is subject to inter-annual 
modulation, characteristic of semi-diurnal 
tides, with high tide range having a 4.4-year 
cycle, corresponding to the sub-harmonic of 
lunar perigee (Haigh et al. 2011);

Illustration of these characteristics is provided by 
a preliminary decomposition of the Balboa hourly 
water level record (Figure 3-3), with data obtained 
from the University of Hawaii high frequency 
water level data set (Caldwell et al. 2015).

Due to the macrotidal nature of the Panama 
City coast and its associated morphology, high 
water level events influence coastal dynamics 
at the land-water boundary, particularly where 
mangroves are established. Evaluation of the 
cumulative count of days with water levels 
above +7m (to reference datum) in Figure 3-4 
indicates:

• Increased incidence of high-water level events 
is suggested by the upward curvature – 
steady behavior would occur as a straight line;

• Year to year variation of high-water level 
occurrence, with increased incidence 
appearing as a ‘step’ on the cumulative sum 
plot, such as 1996 and 2014.

Exploration of some of the drivers of high-
water level incidence has been undertaken 
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Figure 3-5: Recent Variation  
of the M2 Tidal Constituent

using a more detailed approach of harmonic 
tidal decomposition (Foreman 1977). This has 
generally confirmed characteristics suggested 
using the preliminary Doodson-X0 analysis, 
except indicating larger tidal residuals –which 
is an expected difference between the two 
methods. 

The more detailed approach has enabled 
identification of the influence of the 18.6-
year tidal modulation (Haigh et al. 2011), and 
demonstrated changes to the local tidal regime 
brought about by recent canal dredging (Figure 
3-5).This shift of tidal regime (and possibly 
datum) is not indicative of a change to tidal 
conditions outside the canal (i.e. it doesn’t affect 
the Panama City coast), but is an important 
consideration for evaluation of the flood record. 

Although tidal harmonic analysis is the most 
widely applied modern method for analyzing 
water level records, it is noted that conditions at 
Panama affect the meaning of tidal residuals:

• Macro-tidal conditions enhance the size of 
surge-tide interactions and tidal misfit, such 
that these may have similar amplitude to 
atmospherically driven water level variations; 

• Seasonal change in mean sea level due to 
trade winds is irregular and therefore not well-
represented by annual and semi-annual tidal 
constituents, biasing residuals (Figure 3-7).

Figure 3-4: Cumulative Count of Water Level 
Events above +7m in Balboa Record (1907-2014)

Figure 3-6: Harmonic Tidal Decomposition 
 of Balboa Water Level Record (2004-2017)

Figure 3-7: Tidal Harmonic  
Fit and Residual for 2004
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Figure 3-8: Characteristic Pattern  
of Swell Waves

Source: Google Earth Imagery

3.1.3 Wave Climate

Directly recorded wave information for 
Panama City coast has not been identified. 
Characterization of the wave climate is available 
from global wave hindcasts, which suggest 
that the Panama Coast experiences a generally 
sheltered, swell-dominated wave climate. 
This general description is supported by aerial 
imagery, which shows the distinctive ‘breaker 
lines’ of long period swell (Figure 3-8).

Global wave hindcasts are becoming increasingly 
sophisticated and validated across a wider array 
of instrumentation (Chawla et al. 2013) and have 
become a standard means of characterizing 
long-term wave climate, with freely available 
products (Figure 3-9). However, it is noted 
that for sheltered nearshore locations such as 
Panama City coast that do not have local wave 
measurements, estimates of recurrence interval 
should be used with due caution.

Evaluation of design conditions for development 
on the islands at the Pacific entrance to Panama 
Canal applied nearshore wave transformation 
modelling from an offshore point, which 
had been characterized using a global wave 
model (Moffatt & Nichol Engineering 2004). 
Further analysis of nearshore wave conditions 
involved hindcasting of local wind waves. A 
similar process was followed for Panama Ports 
Development Plan, with the closest point of 

Figure 3-9: Example of Global Wave Hindcast 
Description (Metocean Solutions)

investigation at Vacamonte, 15km west of 
Panama City (JICA 2004).

The sheltered nature of Panama City coast 
relative to offshore wave conditions was noted 
by Moffatt & Nichol Engineering (2004) as:

“Wave energy can only reach the entrance to the 
Gulf of Panama from a restricted direction due 
to the geometric shape of the Gulf itself and the 
surrounding geography. The only significant wave 
energy that can affect the project site is from a 
window extending from south to west-southwest 
(180°–247.5°). The offshore fetch to the south is 
limited by the west coast of Ecuador which blocks 
some of the large swells that originate near the 
Antarctic. The Azuero Peninsular at the western 
edge of the entrance to the Gulf of Panama limits 
wave energy from the northwest to west.”

Wave transformation modelling indicated a 
100-year ARI swell waves with Hs of 0.7m and 
Tp of 17s, arriving from the south-southwest 
(Figure 3-9). Hindcast wind waves were of similar 
magnitude, with hindcast over the period 1985-
2001 giving a highest wind wave Hs of 1.0m and 
Tp of 4.1s from the east and Hs of 0.6m and 
Tp of 3.1s from the southwest. This situation 
provides potential for complex coastal dynamics, 
with swell active across a wide intertidal and 
subtidal area but wind waves may be dominant 
at the coastal margin, which varies with the tide.
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Source: Google Earth Imagery

3.1.4 Coastal Morphology

Panama City is located at a transition from rock-
influenced shore (westward) to a macrotidal 
floodplain embayment. The city extends 
approximately 18km eastward along the 65km long 
embayment coast, over which a number of short 
creek and river systems debouch (Figure 3-10). 

• Further east, although the overall structure is 
similar, there is a narrower coastal fringe and 
the wetlands occurs across a wider area. 
Surface features displaying linear structures 
sub-parallel to the coast, characteristic of 
depositional phases; 

• Around the Chepo river, there is fragmentary 
morphology, suggesting a similar pattern 
of formation to the area to the west, but 
subject to additional erosion phases, 
apparently caused by mobility of the large 
tidal estuary present at the Chepo river.

Figure 3-10: Features  
along Panama City coast

The rock-influenced shore is typically 
characterized by shallow rock features, 
occasionally emergent, overlain by muddy 
deposits (Figure 3-11). This area has been 
extensively modified, with harbor works 
experiencing high rates of siltation from fine 
sediment (Cox et al. 2010).

A wide intertidal terrace occurs from Panama 
City eastward to the Chepo river, indicating the 
influence of macrotidal conditions (Figure 3-12). 
Landward of the terrace is variable morphology:

• At the western end of the embayment, 
urban development obscures the natural 
morphology;

• Near the Tocumen river, coastal mangroves 
front a low-lying area of coastal wetlands, 
which drain parallel to the coast towards the 
river system;

Figure 3-11: Intertidal Rocky Shore  
at San Francisco

Source: Google Earth Imagery

Extensive infrastructure has been built in the 
nearshore zone of Panama City, including 
roadworks, land reclamation and harbors. For 
the western part of the city, from the Panama 
Canal through to the suburb of San Francisco, 
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Figure 3-12: Typical Landform Sequence  
on Panama Coastal Floodplain

Figure 3-13: Mangrove Fringe  
Development along Costa del Este

Airport presently provides a limit to eastward 
development of coastal land. However, 
suburban expansion to the northeast of the 
airport indicates potential for greater expansion 
into the coastal farmland between Tocumen 
and Pacora. This 20km long stretch of coastal 
land was substantially modified, with coastal 
wetlands drained, cleared and reclaimed (Figure 
3-14). A fringe of mangroves was retained along 
the coast, as narrow as 60m at the eastern 
end of the cleared land. This has subsequently 
expanded to approximately 200m width.

The original morphology, along with observed 
changes to the existing coastal features, 
provides insight into Panama City coastal 
dynamics, which are likely to influence the 
viability of incorporating nature-based coastal 
hazard mitigation. Some of the indicators 
include:

substantial shallow rock features are apparent, 
providing structural control that enhances 
coastal stability. To the east is a muddy 
mangrove coast, with a 1km wide intertidal 
flat. Low lying coastal lands between the 
suburbs of San Francisco and Costa del Este 
were extensively modified prior to the 1970s, 
including clearing of all vegetation, draining, 
and reclamation. Existing watercourses were 
diverted and channelized across the new 
suburban areas, although the ocean exits 
appear to have been maintained. Subsequent 
recolonization of the coast by mangroves 
commenced between 2006 and 2009, and 
presently have up to 200m width for the 
sections of coast intermediate between creek 
and river outlets (Figure 3-13).

East of Costa del Este, infrastructure 
development south of the Pan-American 
Highway is presently less intense, with the 
notable exceptions of the Plaza Costa Sur golf 
course and adjacent residential development. 
However, land clearing, basic road formations 
and large lot based ‘communities’ typical of 
imminent intensive suburbanization are present 
between Costa del Este through to Tocumen. 
Important infrastructure in the coastal zone 
includes the wastewater treatment plant located 
near the mouth of the Juan Diaz river. Tocumen 

Source: Google Earth Imagery

Source: Google Earth Imagery
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Figure 3-14: Farmland East of Panama City

Source: Google Earth Imagery

Source: Google Earth Imagery

• Wide (~1km) intertidal flats along the 
eastern Panama City coast provide a 
natural buffer to coastal dynamics. Tidal 
channels across the flats provide a complex 
surface structure, which exhibits variation in 
response to the presence of fluvial systems 
and human interventions (Figure 3-15). Tidal 
channels provide a mechanism to rapidly 
(in geomorphic terms) adjust vertically to 
changing conditions by moving sediment 
from the front of the flats to the surface 
(Perillo, 2019).

• Human disturbance of the intertidal channel 
network, such as through construction of 
road causeways, causes local adjustment of 
the areas of tidal flow, generally leading to 
a new tidal channel structure. This change 
is supplementary to updrift and downdrift 
changes developed due to interruption of 
wave-driven alongshore litoral transport. Tidal 
channel reconfiguration affects redistribution 
of sediment across the tidal flats, most 
commonly leading to bed lowering and 
raising on different sides of the constructed 
works. In the longer-term, this is a cause of 
local-scale differences in shoreline trends.

Figure 3-15: Complex Surface Features  
on Intertidal Terrace

• Modification of tidal channels and basins 
to landward alters tidal exchange and 
consequently sediment dynamics. For an 
undeveloped coast, coastal lagoons (Figure 
3-12) may act as traps for a portion of fine 
fluvial sediments. Infilling of these lagoons 
causes increased fluvial sediment transfer 
to the coast, where it is unstable and lost 
offshore, overall resulting in a relative 
reduction of sediment supply to the wider 
coastal system. 



24

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

Figure 3-16: Ephemeral Nearshore  
Gutter Adjacent to Mangroves

• Gutter formation parallel to the coast, which 
typically provides a mechanism for scour 
at the seaward edge of coastal fringing 
mangroves, is evident occasionally and for 
limited areas (Figure 3-16).

40m from 2014-2017. The relative stability of the 
adjacent well-developed mangroves suggests 
the importance of advanced root structure.

The lateral structure of coastal lagoons in the 
wetlands east of Tocumen suggest depositional 
phases of accretion. The time scale of this 
geomorphic sequence is unknown, however, in 
the absence of more substantial depositional 
landforms, the Panama City coast is considered 
likely to have millennial-scale net accretion, with 
phases of erosion and accretion over decadal to 
century time scales.

3.1.5 Observed Coastal Dynamics

Google Earth imagery has been used to 
evaluate dynamics of mangroves along Panama 
City coastline. Areas considered include:

• Costa del Este foreshore

• Costa del Este foreshore (local scale) Costa 
del Este channel mouth

• Juan Diaz river mouth

• Tocumen river mouth

Imagery is available with intermittent frequency 
between 1970 and 2018.  The imagery has 
limited georectification and therefore has not 
been used for direct measurement of distances. 
However, two-dimensional features that are 
likely to have comparatively greater stability 
have been used as references to support 
interpretation of coastal change. 

Costa del Este foreshore has been substantially 
modified through reclamation works, prior to 
1970, infilling the previous coastal wetland 
structure, which is likely to have been 1-2km 
wide based on the area east of Panama City 
(Figure 3-13). By 2004, negligible mangrove 
colonization had occurred, although deposition 
and mobilization of placed sediments had 

Source: Google Earth Imagery

The sinuous channel structure at the mouth of 
the Juan Diaz river is typical of energy dissipation 
(whether tidal or fluvial) and commonly provides 
a mechanism for deposition of suspended 
sediments. Channelization as part of urban 
development is expected to have increased 
transfer of fine sediments to the coast, but deltaic 
features are limited and to date, ephemeral.

Creek and river drainage pathways include 
permanent channels cutting through the 
intertidal flats. The greatest variability of 
coastal position occurs adjacent to these 
channels, apparently resulting from periods of 
sediment deposition and subsequent scour. The 
mangrove fringe which has developed along 
Costa del Este narrows towards the channel 
exits, forming scalloped ‘embayments’.

The pattern of mangrove development and loss is 
also reflected at the less disturbed mouth of the 
Juan Diaz river, with extension of the mangrove 
community of the east side of the mouth by 
200m over 2011-2014, followed by retreat of 
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Figure 3-17: Mangrove Development  
at Costa del Este

formed nearshore flats along the sections of 
foreshore between stream outlets.

From 2004 to 2015, these flats were 
progressively colonized by mangroves, with 
a small apparent increase in sediment. The 
foreshore has remained largely stable since 2015. 
Two small areas behaved slightly differently to the 
rest of the Costa del Este foreshore: one area lost 
mangroves locally from the eastern end of Costa 
del Este following 2013 (destroyed by adjacent 
residents); and a creek mouth at the western 
end experienced more rapid sedimentation and 
vegetation growth between 2004 and 2009, after 
which it has remained apparently stable.

For a section of the Costa del Este foreshore 
that was examined at higher resolution (Figure 
3-17), the behavior was generally consistent 
with the larger area. Prior to 2004, the foreshore 
was mobile, following clearing and reclamation. 
Subsequently, it experienced rapid sediment 
deposition from 2004 to 2006, with a lag for 
mangrove establishment until the 2008 to 
2009 period. The existing vegetation structure 
(in terms of species and maturity) apparently 
corresponds to the different episodes at which 
sedimentary features were formed.

Local consideration of a reconfigured stream 
channel entrance suggests a similar, but slightly 
different sequence of change (Figure 3-18). By 
2004, the excavated open channel was wide 
and substantially clear of vegetation. Substantial 
sedimentation had occurred by 2006. Riparian 
vegetation established over 2006 to 2012, with 
the area covered remaining stable subsequently.

The mouth of the Juan Diaz river has experienced 
accretion and net mangrove growth since 
2004.  Broadscale deposition and vegetation 
growth was apparent from 2004 to 2009 across 
the wider coast, with local infilling adjacent 
to the mouth occurring from 2009 to 2014, at 
a lower rate than previously occurring. This 
accretive trend was reversed from 2016 to 2018, 

although the net change since 2004 has involved 
significant accretion. The river channel passing 
across the tidal flats has also experienced 
change, including two episodes of substantial 
change and subsequent gradual evolution.  In 
2013, the channel alignment shifted, moving 
further east. In 2017, the channel widened, 
potentially indicative of severe flood flows.

Source: Google Earth Imagery
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Figure 3-18: Channel Infilling  
at Costa del Este

Source: Google Earth Imagery

The mouth of the Tocumen river is less 
disturbed than the coast further to the west. 
Massive foreshore accretion was experienced 
from 2003 to 2010, with subsequent mangrove 
occupation. Some nearshore bank features have 
developed since 2017, suggesting deposition, 
which are not yet vegetated. The river channel 
passing across the tidal flats changed course 
at some time between 2011 and 2015, with an 
offshore section of channel moving east and 
becoming more sinuous.

3.1.6 Inferred Conceptual Model  
for Coastal Change

The combination of existing coastal morphology, 
which principally indicates response to conditions 
over millennia, and coastal dynamics over the 
last 15 years provides the basis for a conceptual 
model for coastal change (Figure 3-21):

• Spatial scale, consistency and alignment of 
the intertidal flats indicate a significant role 
in coastal dynamics, with the extensive tidal 
channel network providing a mechanism for 
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Source: Google Earth Imagery

Figure 3-20: Coastal Change  
at Mouth of the Tocumen River

rapid adjustment to conditions and variation 
of sediment supply. Deposition is expected 
to occur during phases of lowered sea level 
and there is potential for lowering during 
higher sea level;

• Fluvial channels provide an alternative set of 
erosion/deposition stresses, which are unlikely 
to be in phase with sea level variations;

• There has been intermittent sediment supply 
to the coast from fluvial runoff. This material 
is redistributed across the tidal flats, which 
has supported fringing mangrove growth 
over the last 15 years. Significantly, this 
implies that recent seaward migration of the 
fringing mangroves does not demonstrate a 
substantial sediment supply with the capacity 
to offset long-term coastal recession expected 
as a response to projected sea level rise;

• Infilling of the coastal lagoon structure 
has increased conveyance of sediment to 
the intertidal area, although substantially 
reducing deposition on the floodplain (i.e. 
overall reducing sediment capture at the 
coast). Material supported growth of fringing 
mangroves along the coastal margin, at 
shallow depths tolerable to mangroves;

• Once colonized by mangroves, depositional 
areas have been effectively excluded from 
tidal flows, supporting growth phases with 
limited subsequent loss.

Source: Google Earth Imagery

Figure 3-19: Coastal Change  
at Mouth of the Juan Diaz River
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Figure 3-21: Conceptual Model for Panama City Coastal Change 
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3.2  Rivers and 
floodplains

3.2.1 Catchment Overview

The Tocumen river rises in the mountains to 
the north of Panama City, part of the Cordillera 
Central range. They run southwards, passing 
through the eastern suburbs of the city and west 
of the Tocumen International Airport, before 
joining and discharging to the Bay of Panama. 
It is joined by the Tapia river from the west, 
approximately 50Km from the coast. The Tapia 
river flows in a general south-easterly direction 
towards the River Tocumen.  Its catchment 
area is almost as large as the Tocumen river 
catchment area being approximately 30.6km2 
and 31.5 Km2 respectively. 

Figure 3-22: Location of the  
River Tocumen and tributaries 

The designated Panama Bay Wetlands Ramsar 
convention site is located on the downstream 
coastal section of the River Tocumen. 

3.2.2 Historical Modification 
 and Land-use

Recent studies (IDB 2016, Gordón 2019 & 
World Bank 2019b), provide an overview of the 
history of urbanization, flooding and future land 
management for Panama City.  Historical data 
indicates that the Tocumen and Tapia rivers are 
likely to have experience physical modifications 
of their channels during several decades.  
Unfortunately, not clear information is available 
to analyze how exactly these changes occur, 
however the consultations of old maps and the 
unusual straightens of the current Tocumen river 
can add to this conclusion. 

Satellite datasets from the last decades, 
indicate current modifications to the Tocumen 
river channel location.  Around 2013, the 
channel was moved westwards to enable 
expansion of the international Tocumen Airport, 
the channel was straightened and moved 
towards the east of the catchment (Figure 3-23).

The modifications to the Tocumen and Tapia 
rivers channels also included several sections of 
their riverbanks which have been engineered, in 
some places maintaining the previous meanders 
of the rivers.

With regards to land use, the area of the basins 
modelled in this study contains a wide mix of 
urban land uses, including mainly high-density 
housing, both formal and informal, industrial 
and commercial.  Urban development has 
encroached to within a few meters of the 
riverbanks.  The catchments also contain 
key transportation infrastructure including 
the International Tocumen Airport, three key 
highways and the currently under construction 
Linea 2 of the metro system.



30

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

Figure 3-23: Realignment of the Tocumen River west of the airport

2003 Feb 2003 July  2003

March  2014 November 2018

Source: Google Earth historical catalogue
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Source: Gordón (2019)

Figure 3-24: Urban expansion: 1960 – 2018

Today, land-use in the Tocumen and Tapia 
upper catchments consist mainly of dense 
forest and grassland with forest.  The valleys 
are largely cultivated, with forest dominating 
the high ground defining the watershed of the 
catchments.  However, there is ongoing urban 
expansion and intensification within the upper 
catchment of residential development mainly, 
both formal and informal.  

A detail land cover analysis was provided 
by the Urban Risk Center (URC). After their 
assessment, it was concluded that the growth 
of urban coverage within the two basins was 
significant.  It increased from 351% in the 
period from 1980 (586 Ha) to 2000 (2,058 Ha), 
with respect to the increase in 2000 (2,058 
Ha) to 2018 (2,624 Ha) which has been 127%.  

Figure 3-24 shows the change in urban land- 
used between the years 1960 and 2018.

 Catchment Geology and Soils

The geology and permeability of the catchment 
greatly influences the flow regime of the 
watercourse network and as a result, the 
hydromorphology of the Tocumen and Tapia 
rivers, which in turn is a control for ecological 
habitats. Figure 3-25 shows the hydrogeology 
characteristics found within the modelled basins. 

Upstream of the modelled area, the bedrock 
geology of the Tocumen and Tapia upper basins 
comprises of plutonic rocks from the secondary 
period, containing Granodiorites, Quartz Diorites 
and Syenites.  This area is understood to have 
very low permeability. 

The upper section of the modelled area 
is underlain by volcanic geology from the 
tertiary period containing Andesite, Tuff and 
Conglomerates.  Here, the permeability of the 
catchment is low. The existence of aquifers is 
discontinuous and of low productivity.  This 
section is considered to be the erosion surface of 
low slope at the base of the mountainous area. 

The lower section of the modelled area, 
approximately south of Via Tocumen in the 
Tocumen basin and south of Corredor Sur 
Highway in the Tapia basin, the bedrock 
geology consists of Sedimentary rocks from the 
quaternary period containing Alluvial deposits, 
Conglomerate, Sandstone, Lutite - silt-size and 
clay-size sediment, and delta deposits.  Here the 
catchment has a variable medium permeability.  
This area consists in valley and colluvial plain on 
the north and marsh next to the coast. 

Superficial deposits in the modelled 
catchments comprise three classes based 
on the USDA Soil Taxonomy 2003: III, VI and 
VII (See Figure 4-12 of this report).  Soil class 
VI and VII are likely to be very susceptible to 
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Source: Map based on GIS layer provided by 
Carlos Gordón and ETESA Map available on 
http://www.hidromet.com.pa/Mapas/Mapa_
Hidrogeologico_Panama.pdf

Translation: Rocas plutónicas means Plutonic 
rocks; rocas volcánicas means volcanic rocks; and 
rocas sedimentarias means sedimentary rocks

ETESA also holds and publishes data from 
gauges maintained by the Panama Canal 
Authority (ACP).  Rainfall data from a few 
gauges were downloaded from the ETESA 
website, but only one of the records contained 
sub-daily data and was long enough to use 
in the analysis; this is the Tocumen gauge 
(reference 144-002), which has hourly data and 
is within the Tocumen catchment.  There is no 
recently recorded flow data along the Tocumen 
and Tapia rivers’ modelled sections. 

3.2.4 Protected areas

The lower reach of the Tocumen river, 
downstream of the confluence with the Tapia 
river, flows through the Panama Bay Wetlands, 
a designated Ramsar convention site. 

The protected area of the Chagres National 
Park is located upstream of the study basins.  
However, its extent does not cover the extent 
of the Tapia and Tocumen basins, therefore 
the upper water of these two basins are not 
protected.  

3.2.5 Summary of processes and 
catchment functioning

Hydromorphological functioning in the 
Tocumen and Tapia rivers is, broadly 
speaking, a product of the flow regime, 
sediment supply, channel and slope 
gradients, and anthropogenic pressures.  
As such, there are likely to be distinct 
differences between hydromorphic 
characteristics between areas within the 
catchment.  Whilst a full catchment wide 
fluvial audit was beyond the scope of this 
study (and therefore preventing accurate 
determination of catchment changes based 
on hydromorphic distinctions), the catchment 
has been divided up into five reaches based 
loosely on changes in channel slope gradient 
and other factors summarized in Figure 3-26.

Figure 3-25: Geology

erosion.  These soils are distributed mainly in 
the upper catchments and coastal area.  Class 
III is mainly located in the middle catchment.  It 
is firm and less prone to erosion.

Hydrological Flow Regime and 
Geomorphological Characteristics

The catchment, as noted in ETESA 1998, has 
a high annual average rainfall of 2,000mm.  
ETESA is the organization responsible for 
Panama's network of meteorological stations.  
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Figure 3-26: Differing channel slope  
gradients across the catchment

The gradient of the channel, the floodplain 
and the valley sides, is a dominant control 
along with rainfall, on sediment transport and 
flow energy in this system.  Sediment particle 
size is a key indicator.  In steeper, more 
confined reaches the bed substrate tends to 
be characterized by coarser sediment and a 
lack of fine sediment issues, due to higher flow 
energies generated by the steep topography 

and channel gradient that are able to flush 
fines through and transport larger sediment.  

The change in channel gradient was an 
important factor used to divide the modelled 
rivers in five reaches described in Table 
3-1. The full results of the reach-by-reach 
assessment is presented in Appendix H of this 
report.



34

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

Table 3-1: Reach descriptions

Reach – Tocumen 1

The topography of the catchment that feeds the Upper Tocumen 

is steep (average gradient > 0.01 m/m) and receives abundant 

annual rainfall, on average in excess of 2,000mm per annum 

(ETESA, 1998). Consequently, flow energy is sufficient to transport 

fine sediment through the system, preventing fine sediment 

issues.  Cobbles, gravels and sands instead comprise the bed 

substrate.  

The valley is narrow with moderated floodplain relief.  The channel 

is incised, approximately 10m lower than its floodplain.  The bed is 

mainly covered by riverine cobbles and coarse sand and typically 

riffle / pool features can be found all along the reach.  In places a 

two-stage channel is present.  Depositional features are minimal in 

this reach due to slope and energetic flows.  Sediment is moved 

through the system quickly to the lower Tocumen basin. 

The land-cover in this reach is mainly forest.  However, parts of 

the upper catchment appear to have been deforested in the recent 

past (est.10-15years ago). Particularly the floodplain on the east 

of the Tocumen river.  This is likely to have resulted in an increase 

in fine sediments entering the system from increased runoff, 

particularly during storm events.

Reach – Tocumen 2

It has a moderate gradient (average gradient between 0.005-

0.008m/m). Bed mainly of riverine cobbles in the upstream part of 

the reach. Formation of point bars from coarse bed material as the 

channel meanders. Gravel deposition has occurred both laterally 

and in mid-channel bars.  Some areas of the channel appear to be 

bedrock.

With progression downstream, the valleys appear to widen slightly, 

however channel still incised with floodplain approximately 5m 

higher than the river.  Also, the system pressures increase – 

urbanization, channel modification and infrastructure.  

Land-cover is mainly grassland and urban. The channel appears 

to have been straighten just before the River Tagarete joins from 

the west and sections of the channel banks have been concreted 

over. 

Site visit Nov 2018 – downstream the  
Pan-American Highway bridge

Site visit Nov 2018

Site visit Nov 2018

Site visit Nov 2018 – Tocumen basin  
UTM17N: 677115 - 1004368
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Reach – Tocumen 3

Low gradient (average gradient <0.004m/m). Flow appears to have 

a slow velocity and laminar. Coarse bed material present, and the 

development of gravel bars visible - vegetated in some cases.  

Channel have been relocated, straightened, and the banks have 

been concreted over which restricts the movement of the channel. 

On the west of the Tocumen river in this reach, the floodplain 

is mostly flat and vegetated with grass and trees and provides 

a good opportunity to increase the floodplain capacity. 

Approximately 700m upstream of the confluence of the Tocumen 

and Tapia rivers, the footprints of a small watercourse connect this 

part of the floodplain to the Tocumen river. 

On the east of the river, the airport facilities are located.  The 

banks appear to be covered by grassland.

In the lower section of the reach, a few meters upstream of the 

confluence of the Tapia and Tocumen rivers, there is a ford, 

interrupting the connection between both sides of the Tocumen.  

The ford is working as a barrier across the width of the river and is 

likely to reduce in-channel energy (velocity) and lead to sediment 

deposition. 

Cross section: 0205989

Cross section: 0205522

Cross section: 0203670
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Reach – Tocumen 4

Very low gradient. Flow appears to have a slow velocity and 

laminar.  The color of the water indicates this reach held 

suspended sediment. 

The channel appears to have been straightened and constrained 

by earth banks.  Banks close to the watercourse are composed of 

compact sand and clay. Channel increases in size with distance 

downstream.  Bed material mainly natural debris from surrounding 

vegetation.

In the upper part of the reach, the floodplain is flat and sparsely 

vegetated.  The floodplain west of the River has been raised and 

cleared of vegetation to develop new areas given the pressure to 

urbanize within the study area. The bare loose soil in the pictures 

suggest potentially lack of sediment control measures during 

construction. Consequently, fine suspended sediment in this reach 

is potentially locally sourced. 

Approximately 1,000m downstream of the confluence, the 

mangrove area has been less modified, and the floodplain 

becomes densely vegetated by Mangrove.

Cross section: 0202241

Cross section: 0200790

Cross section: 0200468

Cross section 0201904
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Reach – Tapia

Steep sided channel in the upstream part of the reach, and more 

gentle sloping sides with distance downstream. The banks are 

mostly covered with vegetation, with concrete channel sides 

located in places. Presence of point bars within channel, formed 

of fine sediment and some coarse bed material. Particularly in the 

lower section of the reach - towards the confluence with the River 

Tocumen.

In the upper part of the reach, the channel is steep, and the river 

is disconnected from the floodplain. Flat, sparsely vegetated 

floodplain at the point of confluence. 

Between Corredor Sur Highway bridge, and its confluence with 

the Tocumen river, the left floodplain of the Tapia river seems 

to lower and show some connectivity and therefore potentially 

storage capacity.

 

Reach – Tagarete

Steep sided channel in the upstream part of the reach, and more 

gentle sloping sides with distance downstream.  The channel bed 

appears to be formed mainly by coarse material, with presence 

of point bars within channel.  The channel has concrete banks.  

Some of these appears to be covered with vegetation. 

It is a smaller tributary of the Tocumen river. It floodplain land-

cover along the modelled section of the Tagarete river is Urban. 

No photographs were available for this reach with the exception of 

the photographs at the surveyed structures.

Cross section: 10213

Cross section: 11050

Cross section: 0301241 - Puente Avenida José Agustín

Cross section: 0300227 Puente Avenida Circunvalación
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Figure 3-27: Catchment characteristics
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3.2.6 Summary of key system pressures

The field survey and desk-based assessment on 
the Tocumen and Tapia rivers revealed various 
pressures along the length of the watercourse.  
Many features would be expected under natural 
conditions; however, as a result of human 
activities all the reaches of the Tocumen river 

Table 3-2: Key system pressures  
and their consequences

Bank Instability

Bank instability as a result of bed incision and limited riparian 

vegetation. 

Steepness and bareness of the banks can lead to erosion during 

high flow events.  Given that the channel is inside in the upper 

reach of the Tocumen, all the high flow and energy is concentrated 

in the channel leading to bed and bank erosion.  Consequently, 

erosion of the banks increase input of fine sediment into the 

channel which leads to increase in-channel siltation.

A more uniform channel, with no vegetation, reduces the habitats 

within the river (i.e. fewer refuges for shelter).

  

Site visit Nov 2018 – Tocumen upper basin  
(UTM17N: 676941 – 1006893)

Site visit Nov 2018 – Tapia upper basin in the vicinity of the river 
and not the banks (UTM17N: 673877 - 1007161)

Cross section: 0202606

are affected by pressures. In some cases, the 
river has adjusted due to these pressures in 
ways that wouldn’t be expected under natural 
conditions. Table 3-2 details the key system 
pressures along the length of the Tocumen and 
Tapia rivers.
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Lack of Trees and Woodland areas

Some reaches have poor riparian vegetation cover.  Mainly caused 

by the land-use change due to urbanization sometimes up to the 

channel edge.

Cross section: 0205227

Cross section: 0201522

Remnant riparian woodland is not common in the middle 

catchment where much of the riverbank is characterized by 

grassland.

Banks will become more vulnerable to erosion.

Lack of trees/woodland limits the amount of woody debris entering 

the channel which limits the cover for fish and creates less habitat 

diversity. Maintaining and reconnecting the ecological corridors 

increase the complexity of the habitats and thus the existing fauna 

and flora of the area

Additionally, woodland would help connect the currently very 

discontinue ecological corridors within Panama City. 



41

THE WORLD BANK

Lack of Floodplain Connectivity

Several factors contribute to this including concrete banks 

concentrating in channel flows and energy, exacerbating channel 

incision. 

The bed of the river is now disconnected (due to incision) from the 

floodplain along many reaches. 

As this erosion continues the probability of embankment failure 

increases.  

A reduction in the frequency of floodplain connection means 

that fine sediment is deposited within the channel and not on the 

floodplain.  

Excess fine sediment within the channel will reduce spawning 

habitats.

Ultimately, excessive fine sediment is a major cause of in channel 

habitat degradation and leads to poor ecological condition.

Cross section: 0206084

Cross section: 0207995
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Ford

The structure, working as a barrier across the width of the 

channel, can led to increase bed degradation and disruption in 

sediment supply. 

Channel Realignment

In some areas the channel has been straightened and realigned, 

often for land-use purposes (e.g. transport, farming, airport 

facilities, etc)

The ford acts to reduce in-channel energy (velocity) and lead to 

sediment deposition. They can significantly alter the depth of 

water and velocity of flow, leading to over deepened impounded 

reaches upstream, altering the habitat characteristics.

Secondly, structures affect the river’s ability to transport sediment 

downstream, altering habitat characteristics.  The rate at which 

deposition occurs and the volume of sediment collected is 

depended on upstream sediment supply and discharge.  

Finally, structures in the channel impact upon the biological 

connectivity of the river, preventing fish and invertebrate passage. 

The river has responded to straightening by cutting down into 

the bed rather than by eroding laterally due to the presence of 

revetments. 

Channel straightening causes a uniform planform with minimal 

hydromorphic variation in terms of channel bed, flows or habitats. 

Recovery to channel straightening is possible over time but is 

often constrained by embankments or revetments. 

Cross section: 0202817

OpenStreetView Map data
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Urbanization

Rapid rate of urbanization and associated land-cover changes is 

a strong pressure that can lead to an in-balance river system and 

increased flood risk.

Solid Waste

Limited systems for proper management of solid waste and 

sanitation for the majority of residents in urban areas..

A rapid urbanization and the vegetation clearance that comes with 

it increases the probability of soil and bank erosion and frequency 

and severity of flooding.  

Vegetation clearance over many years and rapid urbanization tents 

to leave bare soil exposed.  Bare soil in any part of the catchment 

is prone to be eroded and be transported into the river system by 

rainfall events or wind in the dry seasons.  This excess of sediment 

is likely to continue to increase flood hazards.  

Additionally, the rise of impermeable surface through the 

catchment due to urbanization increase the runoff during rainfall 

event and consequently increases the hazard and severity of 

flooding.  As a result of the increase in runoff, gully erosion occurs 

within the built-up areas and roads that haven’t covered in hard 

surfaces.  Increasing even more the likelihood of sediments 

reaching the rivers system.

Waste can contribute to a deterioration of environmental conditions 

and the presence of a major health and safety risks which are 

particularly acute in times of flooding Accumulation of solid waste 

along the riverbanks and channels that is likely to be transported 

and accumulate along the coast, which negatively affect the 

mangrove fragile ecosystem.  

Solid waste in the riparian zones can exacerbate flood impacts by 

causing blockages or obstructions. 

Google Map Data@2019

Cross section: 0301241 - Puente Avenida José Agustín

Site visit Nov 2018
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Water pollution 

Extremely contaminated waters (e.g. high concentration 

of phosphates, suspended solids, Dissolved Solids, faecal 

indicators). 

Research by Cornejo et al (2017) for SENACYT and MiAmbiente 

analyzed water quality and macro-invertebrate abundance and 

diversity in 26 river basins across Panama, including Cuenca 144 

Río Juan Díaz y entre el J. Díaz y Pacora.  Sampling and surveys 

were undertaken at two locations on the upper and lower Juan Diaz 

and the upper and lower Tapia.  The Tocumen wasn’t surveyed.  

The report concludes that the Tapia basin is extremely 

contaminated.  It considered to be one of the most contaminated 

urban basins, with only two other basins reporting lower species 

abundance and diversity.  The high concentration of phosphates, 

nitrates, Biological Oxygen Demand, suspended solids, faecal and 

total coliforms indicate the presence of untreated wastewater as a 

significant component of river flow.   This impacts negatively on the 

abundance and diversity of macroinvertebrates along the river and 

consequently in the health and diversity of the habitat.  

Macroinvertebrate are at the beginning of the food chain, but their 

influence can be traced to economics of the area. It has been 

suggested that the population of “Camarones” have been retreat 

to areas further away from their traditional habitat affecting the 

livelihood of fishermen in the area.  Additionally, a series of other 

marine life such as seashells would be affected by the river pollution 

given the strong interaction between the waters (World Bank, 

2019b). 

Untreated wastewater entering River Tocumen, Avenida José 
Agustín Arango bridge
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Floodplain Management

Current and historic floodplain urbanization practices have 

significantly altered the natural habitats and vegetation on the 

floodplain, with riparian character seriously altered.

Climate Change

Future climate will increase variability and intensity of extreme 

events. Gradual sea level rise (World Bank, 2019a). 

The floodplain is being cleared of riparian vegetation and Mangrove 

even within the Ramsar protected area.  

A common practice appears to be the raising of the ground 

levels to avoid flooding in the new developments.  From a flood 

risk management point of view, this practice exacerbates the 

disconnection of the river with its floodplain, constricting the river 

flows even in the high energy vents and leading to enhanced 

erosion of the bed and banks. Subsequently this increases the 

probability of bank failure.  From a conservation point of view, this 

practice alters and, in many cases, destroys habitats, limiting the 

biodiversity not just of the river system but of all the basin system. 

The floodplain contains limited areas of wetland vegetation (e.g., 

pools, wet grassland), which are key in increasing the morphology 

and habitat diversity of the river system.

There is currently very limited public access to the rivers, Woodland 

areas and mangroves along all the study area. This increases 

the indifference and disengagement of the communities to their 

surroundings natural riparian habitat and negatively affect the fragile 

riverine and mangrove habitats.   

The Climate Change Knowledge Portal presents a projected climate 

trend where the precipitation could increase by 65% during the 

wet season.  It is also projected that extreme precipitation events 

are likely to decrease.  These two potential trends make the river 

system highly vulnerable to adverse effects of climate change.

Dry season baseflow reduction impacts are likely to include lowered 

hydraulic habitat diversity, increased water temperatures, increased 

probability of summer low-flow conditions, ingress of fine sediments 

into the coarse bed leading to choking and reduced marginal 

habitat extent and variability.

Wet season - High flow - increase impacts are likely to include: 

increased frequency of geomorphologically effective flows, 

Cross section: 0210137

increased gravel transport, increased bank erosion associated with 

channel planform and gravel deposition, probable remobilization of 

fines stored in the channel bed, development of wandering channel 

reaches, potential loss of adjacent flood banks and reduction in 

lower energy hydraulic refugia potentially offset by creation of new 

areas.

Gradual sea level rise will contribute to coastal erosion, increasing 

salinity in the coastal section of the Tocumen river and potentially 

restricting the Mangrove habitat which is unable to move north due 

to urbanization of the basins. 
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HYDROLOGICAL 
MODELLING AND 
EXTREME SEA 
LEVELS

4.1  Introduction

This section describes the analysis and de-
velopment of the key boundary conditions 
required to enable the hydrodynamic model 
described in section 6 to be used to simulate 
a series of design events with return periods 
between 1 in 1-year and 1 in 1,000-year.  The 
boundary conditions were:

• A rainfall frequency analysis to create 
design rainfall events.

• Rainfall-runoff models of the upper 
catchments of the Tocumen, Tapia and 
Tagarete which, when simulated using 
the design rainfall events, produce flow 
boundaries into the upper modelled reaches 
of these rivers.

• Calculation of net rainfall, accounting for 
losses to infiltration and for capacity of the 
urban drainage systems.  The net rainfall 
was required to apply as a boundary to the 
2D model to represent direct rainfall inputs.  

• Analysis of extreme sea levels and design 
tides to represent the water level boundary 
with the Bay of Panama.

• An analysis of the joint probability of 
extreme rainfall and tidal events coinciding, 
required to enable the model to be set up 
with combinations of rainfall and sea level 
meeting the required event return periods.

4.2 Rainfall 
frequency analysis

4.2.1 Introduction

In order to characterize extreme rainfall, 
Intensity-Duration-Frequency (IDF) curves 
were developed for the Tocumen catchment 
for rainfall durations of 1 to 24 hours.  These 
represent the relationship between rainfall 
intensity, duration and the frequency with which 
it is observed.

4.2.2 Data

Observed rainfall data within, or close to, the 
Tocumen catchment were required. Data was 
collated from three organizations:

ETESA

ETESA are the power generation and supply 
utility for Panama.  On the creation of ETESA 
in 1997, it was assigned responsibility for the 
country’s network of meteorological stations 
and river flow gauges2.  ETESA also hold and 
publish data from gauges maintained by the 
Panama Canal Authority (ACP).  There are 
records from 183 rainfall gauges in the Province 
of Panama, some dating back as far as 1881.  
There are 89 gauges currently maintained within 
the Province.  Within the Tocumen catchment, 
there are two extant gauges, plus four now 
closed gauge locations with records dating back 
to 1957 (Table 4-1 and Figure 4-2).  
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Table 4-1: ETESA rain gauges

2 http://www.hidromet.com.pa/index.php

3 https://biogeodb.stri.si.edu/physical_monitoring/ 

Station Years 
Available

Type

TOCUMEN (E.T.E.S.A.) 
- PANAMA - PANAMA - 
TOCUMEN (144-002) 

JUAN DIAZ LOS PUEBLOS - 
PANAMA - PANAMA - JUAN 
DIAZ (144-007)

RANCHO CAFE - 
PANAMA - - (144-005)

TOCUMEN(D.A.C) - 
PANAMA - PANAMA - 
TOCUMEN (144-001)

Hourly

Hourly

Hourly

Daily

1969-2013

2014-2019

2013-2019

1977-1984

STRI

The Smithsonian Tropical Research Institute 
(STRI) Physical Monitoring Program3 maintains a 
network of five meteorological monitoring station, 
two of which are located in Panama City but not 
within the Tocumen catchment (Figure 4-2):

• Culebra: 15-minute interval data from 2010 
to present

• Parque Natural Metropolitano: A mixture of 1, 
15 and 60 minute interval readings from 1995 
to present, with quality control meta-data.

Both stations also have tabulated monthly and 
annual accumulations.  

Data from these stations will enable the IDF to 
be extended to hourly and possibly sub-hourly 
event durations.

ACP

The ACP maintains a network of 68 extant 
rain gauges within the canal basin catchment 
and within Panama City, some dating back 
as far as 1883.  A spreadsheet was received 
which tabulates the stations, their monthly and 
annual accumulations and long-term statistics 
(average, maximum and minimum).

ACP also maintains a weather radar station, 
the outputs of which are shared with ETESA.  
Historic data has not been obtained. The visual 
data on the ACP and ETESA websites (Figure 
4-1) indicate that the radar signal is subject to 
significant areas of banding (probably related 
to high ground or tall buildings interfering with 
radar signals), which may mean that the data 
is not of suitable quality for flood modelling 
purposes.

Figure 4-1: Screenshot from  
ACP rainfall radar
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Figure 4-2: Rain Gauges

Having reviewed the available data, only the 
ETESA Tocumen gauge (reference 144-002) 
was considered to be suitable for the rainfall 
frequency analysis due to its length of data 
record, it records hourly data and is within the 
Tocumen catchment.  Data are available from 
1969 to 2013, however most of 1969 is missing 

so data for this year were not downloaded.  
There is also a large gap from August 2005 to 
January 2013, and there are only two months of 
data for 2013 which are all values of zero.

The quality scores were all set to zero so could 
not be used in consideration of which values 
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are suitable for inclusion in the analysis.  Any 
missing dates were assigned values of 'NA' 
during the analysis and any accumulations 
containing an 'NA' were also set to 'NA' to 
ensure that the accumulations were calculated 
for the full duration.

4.2.3 Method

For each duration (i.e. every hour from 1 to 24):

• Annual maximum (AMAX) rainfall intensities 
were calculated from a time series of hourly 
data.  The AMAX series for the 3-hour 
duration is shown in Figure 4-3. A time series 
of rainfall accumulations for the duration was 
calculated using a sliding window, before 
dividing the accumulations by the duration 
to find rainfall intensity in millimeters per 
hour.  Use of a sliding window means that 
the design rainfalls are aggregated over 
a duration that can start at any time, and 
therefore a sliding duration ensures that 
the highest total is captured.  Any years in 
the AMAX series where the underlying time 
series was less than 95% complete were 
investigated.  The following years were 
excluded from the AMAX series due to 
missing data: 1985, 1993, 1998, 2002, 2005 
and 2013. Other years with missing data 
were included because the missing data 
were generally in the drier months of January 
to April and therefore, the maximum rainfall 
for the year is likely to have been captured 
in the available data. The final AMAX series 
contained 30 years of data.

• Design rainfall intensities were estimated 
for the following return periods: 1 in 1, 2, 
5, 10, 20, 30, 50, 100, 200, 500 and 1,000-
year.  The return periods were defined on 
the Peaks Over Threshold (POT) scale to 
reflect the 'true' return period (Robson and 
Reed, 1999) and to allow the 1 in 1-year 
rainfall to be estimated.  An approximate 
interrelationship between return periods on 

the POT and AMAX scales was derived by 
Langbein (1949) and is given in Equation 
11.1 in Volume 3 of the Flood Estimation 
Handbook (Robson and Reed, 1999).  This 
has been used to convert the required return 
periods onto the AMAX scale for use in the 
frequency analysis.  It is often considered 
unimportant for return periods longer than 
about 20-year.  For most durations, the 
frequency relationship was derived from 
fitting the 3-parameter Generalized Extreme 
Value (GEV) distribution to the AMAX data 
using the 'lmomco' package in R (Asquith, 
2018).  The 2-parameter Gumbel distribution 
was also tested but was not considered 
suitable for some durations because the 
shape parameter of the GEV distribution was 
not close to zero.  The GEV is a more flexible 
distribution so more appropriate in these 
cases, although for most durations and return 
periods, there is only a small difference in the 
results from fitting each distribution (as can 
be seen, for example, in the rainfall frequency 
curves for the 3-hour duration shown in Table 
3-2). Therefore, for a generalized analysis, 
the GEV is preferred, however, for this study, 
the Gumbel distribution was considered 
more suitable for the 1-hour duration.  This 
is because the 1,000-year rainfall from fitting 
the GEV distribution appears to be too 
low when compared with the lower return 
period estimates.  The Gumbel results have 
therefore been used in the 1-hour duration 
modelling.

The observed AMAX data are plotted using 
Gringorten plotting positions (Figure 4-4); this 
is indicative only and is designed for data on 
an AMAX scale so might not match the flood 
frequency curve at the lower return periods.

4.2.4 Results

The resulting IDF curves using GEV for all 
durations are shown in Figure 4-5. The final 
tabulated results used in the model, where 
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Figure 4-3: AMAX series for 3-hour  
duration rainfall intensity.

Figure 4-4: Rainfall frequency curves for the 
3-hour duration derived from fitting the GEV 
and Gumbel (GUM) distributions.

the GEV results have been replaced with the 
Gumbel results for the 1-hour duration, are 
shown in Appendix E.2.  The dotted lines are 
the values directly from the frequency analysis, 
which have been used in the modelling, and the 
smooth lines are from applying smoothing to the 
results for comparison.

Some sense-checks were carried out on the 
results.  Firstly, the 2-year design rainfalls were 
compared with the median annual maximum 
rainfall (RMED) calculated from AMAX data; 
these were between 3 and 12% higher than 
RMED with the largest differences at the longest 
durations.  It is unsurprising that the 2-year 
results are coming out higher because they were 
calculated using return periods on a POT scale.  

Secondly, the design rainfalls were compared 
with the AMAX series.  The results seem to be 
reasonable with the largest observed event often 
having a return period of 50 to 100-year.  The 
maximum observed intensities for some of the 
shorter durations do have return periods higher 
than 100-year, but the maximum values were much 
higher than the other observed values, so this is 
probably reasonable.  The maxima for the longest 
durations have return periods just under 50-year.  
The 1-year rainfall is generally higher than some of 
the AMAX rainfall values, but this is likely to be due 
to the return period being based on a POT scale, 
rather than an AMAX scale, because there may be 
multiple high rainfalls within a year.

4.3 Areal reduction 
factors
The rainfall areal reduction is considered 
to be relatively low in what is quite a small 
catchment, covering 63km2 in total at the 
point where the Tocumen River reaches the 
coast.  Consequently, it is not considered 
that the type of multi-gauge analysis required 
to develop areal reduction factors (ARFs) is 
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Figure 4-5: IDF curves for 144-002, fitted 
using the GEV distribution.  The dotted lines 
represent the results from the frequency 
analysis and the smooth lines represent 
a smoothed version of the results for 
comparison.

Figure 4-6: IDF curves for 144-002 IDF curves 
for 144-002, fitted using the GEV distribution 
for all durations except the 1-hour, 
which has been fitted using the Gumbel 
distribution. The dotted lines represent the 
results from the frequency analysis and the 
smooth lines represent a smoothed version 
of the results for comparison.

warranted for a study of a single, relatively small 
river catchment.  Instead, ARFs appropriate to 
tropical conditions have been identified with 
reference to the published literature.  

Methods of estimating ARF from quantities such 
as catchment area, storm duration and (in some 
cases) probability have been developed in the 
UK, Australia, the USA and other countries. 

In Australian Rainfall and Runoff (ARR) (Ball 
et al., 2016), the ARF varies with exceedance 
probability. Equation 2 below represents the ARF 
formula from Australian Rainfall and Runoff Book 
4 (Rainfall Estimation) presented in Equation 2.4.1 
of the book.  It is applicable for storm durations 
up to 12 hours. For this range of durations, the 
Australian method allows for no variation in ARF 
with location, i.e. the ARF applies to a wide variety 
of climatic zones in Australia, including areas in 
the north which experience tropical storms.

For an annual probability of 1%, a duration of 
6 hours and a catchment of 60km2, the ARF 

is 0.90 (Figure 4-7). Despite the differences in 
climate, the method used to calculate ARF in 
the UK gives a very similar result, 0.92.  The 
UK method was developed in the 1970s and is 
presented in Faulkner (1999). 

Equation 2: Areal reduction factor from 
Australian Rainfall and Runoff Book 4

For a shorter storm duration, 2 hours, the 
Australian method gives 0.80.

Since the Australian method is based on recent 
research, first published in 2015, and applies for 
a wide range of climates including humid areas 
subject to tropical rainfall as experienced in 
Panama, we recommend that it is implemented 
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for the purpose of the present project.  The 
resulting areal reduction factors are shown on 
the graph and table below for a range of storm 
durations and exceedance probabilities.

Figure 4-7: Areal reduction factors from 
Australian Rainfall and Runoff, for a 
catchment the size of the Tocumen River

4.4 Design  
storm profiles
There are various methods available for 
determining the temporal profile of design storms.  
A distinction can be drawn between methods 
that are based on temporal profiles of observed 
storms and those that are compiled from rainfall 
IDF statistics. The latter methods, an example 
of which is the Chicago method (Keifer and 
Chu, 1957), involve nesting of design storms 
within each other, such that the most intense 
part of the storm for any duration D consists of 
the design rainfall for that duration D. A claimed 
benefit of such methods is that rainfall profiles 
for all critical durations are contained within the 
rainfall hyetograph, and so there should be no 
need to carry out multiple runs of models in order 
to identify the critical duration.  A drawback of 
the Chicago method is that the resulting rainfall 
hyetograph does not necessarily reflect a realistic 
typical storm profile.   

An alternative method is the US Soil Conservation 
Service synthetic rainfall method (USDA, 1986).  
This uses standardized rainfall intensities arranged 
to maximize the peak runoff at a given storm 
depth.  Four different rainfall profiles are provided, 
along with a map showing the regions of the 
USA for which each profile is recommended.  
Applicability of this method outside the USA is 
unclear.

More recent research in Australia (Ball et al., 
2016) has led to the development of ensembles 
of temporal patterns, with a recommendation 
to apply an ensemble rather than running a 
single design storm through a rainfall-runoff 

Table 4-2: Areal reduction factors from 
Australian Rainfall and Runoff, for a 
catchment the size of the Tocumen River

Duration 
(minutes)

Annual Event  
Probability  
(fraction)

Areal 
Reduction 
Factor

Area  
(km2)

60

180

300

60

240

60

240

120

240

360

180

360

180

120

300

120

300

360

63

63

63

63

63

63

63

63

63

63

63

63

63

63

63

63

63

63

0.1

0.1

0.1

0.01

0.01

0.002

0.002

0.1

0.1

0.1

0.01

0.01

0.002

0.01

0.01

0.002

0.002

0.002

0.83

0.88

0.91

0.80

0.85

0.78

0.82

0.86

0.89

0.92

0.83

0.90

0.80

0.82

0.87

0.80

0.85

0.88
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model.  Temporal patterns are provided for 
various climatic zones of Australia, including 
the wet tropics where it can be expected 
that the temporal characteristics of storms 
are similar to those of other tropical areas, 
including Panama. An ensemble of ten storm 
patterns is provided for each of a wide range of 
storm durations and AEPs.  

An example ensemble of storm profiles, for the 
Wet Tropics region, is shown below. 

The Australian ensemble of storm profiles was 
selected for application in this study for the 
following reasons:

• has been developed from a large dataset, 
with 5,437 events analyzed within the wet 
tropics zone

• Australia includes tropical climatic zones 
likely to be more similar to the rainfall 
within Panama than the Chicago or USCS 
methods developed for the United States.  

• The scale of the project, for a single small 
river basin, does not warrant attempting 

Figure 4-8:  Ten cumulative design storm 
profiles from Australian Rainfall & Runoff, 
suitable for the wet tropics zone, for storm 
duration 6 hours and intermediate annual 
probability

to characterize the temporal profile of 
storm rainfall using local data.  The single 
rain gauge used to develop the intensity, 
depth frequency analysis is unlikely to 
have sufficient numbers of extreme events 
from which to develop a reliable analysis 
of storm profiles.  

Rather than modelling all ten we have carried 
out sensitivity tests, running three profiles 
through the model.  These represent:

• A front-loaded profile, i.e. more of the rain 
occurs towards the start, number 1

• An average profile, i.e. the rain is more 
evenly distributed, number 9

• A back-loaded profile, i.e. more of the rain 
occurs towards the end, number 10

They are shown in the figure below, plotted 
as the percentage of total rainfall within each 
15-minute time step.  These profiles have been 
tested, initially for a storm duration of 6 hours, 
prior to testing for critical duration (see section 
3.4.6).

Figure 4-9: Three design storm profiles  
for testing within model



54

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

4.5 Rainfall-runoff 
model
4.5.1 Catchment schematization

The requirement is for a rainfall-runoff model 
that will represent the upper part of the basin 
draining to each watercourse, upstream of the 
hydraulic model domain. The lower part of the 
basin is represented within the 2D domain of 
the hydraulic model, making the assumption 
that runoff processes occur largely as overland 
flow and via the urban drainage systems in this 
largely built-up area.

Figure 4-10 indicates the model 
schematization. The four sub-basins in green 
are those that need to be modelled. The 
neighboring Juan Diaz catchment is shown 
in grey; this was included in the model for 
calibration purposes but is hydrologically 
separate from the Tocumen catchment. In fact, 
each sub-basin was modelled individually, with 
the outflow being used as input to the hydraulic 
model that routes these individual hydrographs 

Figure 4-10: Schematization of the HEC-HMS 
model. The four sub-basins in green are 
those that need to be modelled.

Sub-basin Area (km2)

Tocumen upper

Tapia

Tagarete

Tocumen tributary

11.7

18.6

2.9

3.9

4.5.2 Choice of model

The requirement is for a model that can simulate 
individual flood events. It can then be run with 
a design rain storm as an input, along with 
suitable settings for initial conditions, to give an 
estimate of the design flood hydrograph.

Given the sparsity of hydrometric data in 
the Tocumen catchment, a simple model is 
desirable.  From the many options available, the 
following choices have been made:

Representing losses, i.e. the volume of runoff 

The initial and continuing losses model was 
chosen. This has two parameters: 

• an initial loss, in mm, to represent storage 
that captures runoff at the start of the storm 
such as topographic depressions.  The 
value of the initial loss will vary from event 
to event, and may be zero for a storm that 
occurs shortly after another, when the 
catchment is still wet.

• a continuing loss, in mm/hour, to represent 
ongoing losses. This can also vary between 

and combines them with the runoff generated 
over the lower catchment.

Catchment boundaries were derived from 
manual analysis of a digital terrain model, giving 
the sub-basin areas listed below. 

Table 4-3: Sub-basin areas
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events but is usually taken to be a fixed 
property, depending on the geology, soils, 
land use and vegetation of the catchment.

In the impervious portion of urban areas, the 
above model is replaced with a fixed percentage 
runoff, which has been set to 100%.

Representing routing, i.e. the temporal 
distribution of the runoff

A unit hydrograph. This is a widespread method.  
There are many versions available. The US 
SCS unit hydrograph has been chosen; this 
is a parametric unit hydrograph, in which the 
peak of the unit hydrograph (per unit area of the 
catchment) is inversely related to the lag time, 
with a conversion constant which has been set 
to the standard value of 2.08 in metric units. 
Thus, there is a single parameter, the lag time. 
 
Representing baseflow 

This is expected to be a relatively minor 
component of the total flood hydrograph. 
Baseflow has been represented using a linear 
reservoir, which requires specification of an 
initial baseflow discharge and a time constant to 
represent the decay time, related to the size of 
the groundwater storage in the catchment.

These three model components have been 
implemented in the HEC-HMS modelling 
package. The following sections explain how 
the parameters mentioned above have been 
estimated.

4.5.3 Initial estimates of parameters

Losses model

Engineers from the Hydraulic Engineering 
Center, HEC, have recommended the use 
of a table of infiltration rates for different 

combinations of land cover, soil group and 
cover quality (US Army Corps of Engineers 
(USACE) Hydrologic Engineering Center (HEC) 
2000, Table 2-2a).  Soils are divided into four 
groups, A to D, and land cover distinguishes 
between different types of woodland, natural 
vegetation and agricultural land use, as well 
as urban land cover.  The rates appear to have 
been derived from the US SCS Curve Number 
method.  The rates for cover types applied in 
this study are recorded in Table 4-4. 

Land cover data for the Tocumen catchment 
has been obtained from the Urban Risk Centre 
(URC), Florida State University (Figure 4-11 
below).  An accompanying report (Urban Risk 
Center 2018) states that the land cover data is 
current as of 2018, although comparison with 
Google Maps satellite imagery (dated 2019) 
reveals a few small examples of developed 
areas shown as undeveloped in the URC data. 
These were considered to be insufficiently large 
to warrant adjustments to the land use data.

The URC data uses the CORINE system for 
classifying land cover. The CORINE classes can 
be straightforwardly related to the classes used 
in the table of infiltration rates provided from 
HEC. Table 3-3 shows how the four principal land 
covers in the Tocumen catchment have been 
related to the equivalent classes in USACE HEC 
2000.  Other land covers occupy relatively small 
portions of the catchment area.  The percentage 
cover has been calculated by intersecting the 
URC mapping with the catchment boundaries 
and performing a GIS query, adjusting the 
percentages of the four principal classes so that 
they sum to 100% for each sub-basin.  

The table also provides estimates of land cover 
for the neighboring Juan Diaz catchment, which 
has been modelled for calibration purposes.  
These have been estimated approximately from 
the ESRI World Imagery layer, since the URC 
data covers only the Tocumen catchment.  
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The CORINE class " Urban area with green 
spaces" has been taken as equivalent to the 
USACE HEC 2000 cover class "Urban open 
space, grass cover 50-75%". This is because 
the losses model in HEC-HMS represents only 
the pervious parts of urban areas, treating 
impervious areas separately, assuming 100% 
runoff.  From comparison with the ESRI World 
Imagery layer, the extent of impervious areas 
has been calculated from the URC data as:

• 40% of the urban area with green spaces 
and industrial areas extents plus 

• 100% of roads and railways and commercial 
areas.

The impervious percentage for the Juan Diaz 
catchment was calculated from the ESRI World 
Imagery layer.

This gives the impervious percentages listed 
below.

Table 4-5: Sub-basin percentage  
impervious area

Sub-catchment % Impervious

Juan Díaz (calibration)

Tocumen upper

Tagarete

Tapia

Tocumen tributary

19

0 

38

12

1

Soil group /  
applied 
condition Urban open space, 

grass cover 50-75%
Woodland, canopy 
density 20-50%

Woodland, canopy  
density at least 50%

Grass

Cover type / Loss rate (mm/hr)

 Soil group C, fair 
quality land cover

For sensitivity test: 
loss rate for soil 
group B, good 
condition

For sensitivity 
test: loss rate for 
soil group D, poor 
condition

2.3

5.6

1.0

2.8

6.1

1.5

2.3

5.6

1.0

3.3

6.6

1.8

Table 4-4: Constant infiltration loss rates for hydrologic soil cover  
complexes within study area

The soil groups were chosen by analysis of 
soil mapping data obtained from the National 
Geographic Institute “Tommy Guardia” (IGNTG); 
see Figure 4-12.

The soil classes shown on the map are based 
on the United Sates Department of Agriculture 
(USDA) Soil Taxonomy and explained in an 
environmental impact assessment study for 
Panama (Soluziona, 2002). The classes that 
cover the study catchments are described as:
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Figure 4-11: Land cover classes in the Tocumen catchment
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• III: slightly deep to deep soils, slightly 
sloping, sandy, clay.  Very firm and natural 
fertility from medium to low. Flat areas could 
generally cope with light periodic flooding.

• VI: superficial to slightly deep soils with 
steep and complex slopes. They are very 
susceptible to erosion from rainfall.  Natural 
fertility is generally low.

• VII: shallow soils, extremely steep, 
potentially a very high erodibility. They can 
include rocks and gravel.

The majority of the sub-basin areas represented 
in HEC-HMS comprise soil classes VI and VII, i.e. 
steep and shallow soils. These are expected to 
have fairly high runoff potential. The soil groups 
used in USACE HEC 2000 range from low runoff 
potential when wet (group A) to high runoff potential 

Figure 4-12: Soil classes  
in the Tocumen catchment

when wet (group D). Group C is thought to be 
appropriate throughout the Tocumen catchment.

The land cover quality has been taken as Fair.  

Table 4-6: Relationship between CORINE land cover classes and HEC-HMS

Sub-basin CORINE 
land cover 
class

Urban area 
with green 
spaces

Grass-lands 
with forest

Mosaic of 
grass-lands 
with natural 
spaces
Grass

Dense 
forest

Resulting 
infiltration rate, 
mm/hour (taken 
as continuing 
loss rate)
Calculated as
the sum of the 
fixed infiltration 
loss rate (Table 
4-4) * percentage 
cover for each 
land use.

Wood-land, 
canopy 
density at 
least 50%

Equivalent 
for USACE 
HEC 2000

Urban 
open space, 
grass cover 
50-75%

Wood-land, 
canopy 
density  
20-50%

Grass

Soil  
group

Percentage of cover

Juan Díaz 
(calibration)

Tapia

Tagarete

Tocumen upper

Tocumen 
tributary

C

C

C

C

C

35%

28%

82%

0%

0%

15%

7%

0%

38%

53%

0%

26%

17%

0%

0%

50%

40%

0%

61%

47%

2.9

2.8

2.3

3.1

3.0



59

THE WORLD BANK

The outcome presented above in Table 4-6, is 
that continuing loss rates, factored across all 
of the land cover types within each sub-basin,  
have been set to between 2.3 and 3.1 mm/hour 
across the sub-basins. These are relatively low 
loss rates, reflecting the shallow soils and steep 
slopes.  The initial loss for design rainfall events 
has been set to zero.  This is a conservative 
choice and assumes that flood-producing 
rainfall will tend to occur when the catchment is 
already wet from preceding storms.

Routing model

The single parameter of the routing model is the 
lag time. This has been taken as equivalent to 
the time of concentration, as estimated by the 
USBR (1973) formula below:

where Tc is in hours, L is the length of the 
longest watercourse in km and S is the gradient 
of that watercourse, dimensionless.  

The calculations used the length and mean 
gradient of the longest watercourse in each 
catchment that was visible on the Open Street 
Map and satellite imagery. The Tocumen upper 
and Tocumen sub-basins are entirely forested 
and there are no watercourses mapped, so 
for these sub-basins the length and gradient 
between the sub-basin centroid and its outlet 
were adopted as approximations. 

Although USBR (1973) was developed many 
decades ago, more recent research has lent 
it some support.  For example, it is reported 
favorably by Gericke and Smithers (2014), using 
data from South Africa.    

We acknowledge that the time of concentration is 
not necessarily the same as the lag time.  But as 
Gericke and Smithers (2014) point out, even Tc is 
defined in many different ways.  It is not known 
what computational definition of Tc was used in 
the development of the USBR (1973) equation.  
One of four possible definitions listed by Gericke 
and Smithers (2014) is the time from the centroid 
of effective rainfall to the peak discharge of total 
runoff; which is the lag time as required for the 
present study.  This is the reason why we have 
made the assumption that the two measures of 
catchment response time are identical.

The short watercourse lengths and steep slopes 
give rise to very short times of concentration, which 
vary from 20 minutes to about 2 hours on the sub-
basins of the Tocumen River (see Table 4-7 below).

Baseflow model

The parameters of the baseflow model are 
the initial baseflow and the groundwater time 
coefficient. The initial baseflow has been set as 
a specific flow, i.e. baseflow per unit catchment 
area. It has been calculated as the average 
flow rate during the wet season. Using data 
from the Juan Diaz catchment (see below), the 
daily mean river level has been calculated and 
converted to flow using the approximate rating 
equation discussed in the next section:

Equation 3: USBR formula (1973)
Table 4-7: Sub-basin time of concentration

Sub-basin L  
(km)

S 
(-)

Tc 
(hr)

Tc  
(minutes)

Juan Diaz 
(calibration)

Tapia

Tagarete

Tocumen upper

Tocumen 
tributary

15.0

6.7

2.27

3.35

2.14

0.004

0.008

0.016

0.054

0.051

4.4

1.8

0.6

0.5

0.4

266

111

37

31

22
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Mean flow during May  
to November, 2008-2013: 16.24m3/s

Area of Juan Diaz catchment  
upstream of gauge: 116km2

Wet season baseflow: 0.14m3/s per km2

Figure 4-13: River Tocumen Monthly 
Maximum Flows, 1964-1975

The groundwater time constant has been 
set to 24 hours in the absence of any local 
information. These baseflow parameters are 
not expected to have a significant influence on 
the design floods, given the dominance of rapid 
runoff processes in the study area.

4.5.4 Calibration  

Data for calibration

Although there has been river flow data 
recorded on the Tocumen River between 1964 
and 1975, the record is several decades old, 
contains only four complete years and is at a 
monthly resolution. Since 1975 the catchment 
has become much more urbanized. The dataset 
is not suitable for calibration of the rainfall-
runoff model.

The neighboring Juan Diaz catchment has a 
more recent record of river levels, from 2000-
2015, provided as daily mean values. There 
is also summary information about monthly 
maximum river flow, covering the period 1957-
2011 although with some long gaps, including 

the years 2003-2007. The existence of this 
monthly data indicates that there is a way of 
calculating flow at the gauge.  We do not have 
any information on how flow is calculated: 
whether it is indirectly, via a rating equation, or 
directly by measurement of velocity. No daily 
flow data has been provided for the project.

It is not clear why there are no monthly flow 
maxima for 2003-7 and 2012-2015 even though 
daily levels are available for these periods.

The catchment area draining to the Juan Diaz 
gauge is 115km2 according to the ETESA 
gauges shapefile. This has been checked 
against a digital terrain model and found to be 
approximately correct. Figure 4-10 shows the 
extents of the Juan Diaz catchment upstream 
of the gauge. Figure 4-14 shows the location 
of all ETESA gauges; note that the locations 
are as provided by ETESA and do not line up 
with present-day channel locations. It is not 
known to what extent this is due to errors in 
the gauge meta-data, or due to changes in 
channel location.

Figure 4-14:  ETESA river level  
and flow gauges
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The flow data for Juan Diaz provides some 
useful information about the hydrological 
characteristics of the study area.  For instance, 
the seasonality of the flood regime is evident 
from Figure 3-11. All the annual maximum flows 
during the period of record have occurred in the 
months May to November. 

The equation is only valid for high flow 
conditions because it was derived only from 
monthly maximum data.  The equation has been 
used to approximately convert the daily water 
level data into daily flow data.

Calibration events

The reconstructed daily mean flow data at 
Juan Diaz, in conjunction with hourly rainfall 
data, provides potentially useful information for 
calibrating the rainfall-runoff model.  If model 
parameters can be estimated for the Juan 
Diaz catchment, they can then be transferred 
to the sub-basins of the neighboring Tocumen 
catchment, making allowance for the differences in 
size and other characteristics of the catchments.

Although there is a recording rain gauge in 
the Juan Diaz catchment, at JUAN DIAZ LOS 
PUEBLOS, it has no data before the year 2014 
and so its record barely overlaps with the daily 
water level data (2000-2015).  Instead, rainfall 
from the Tocumen E.T.E.S.A gauge (144-002) 
has been used.  This has hourly data up to 
August 2005, so overlaps with the river level 
record for about 5 years. 

Six candidate calibration events were selected 
from that period, two of which were rejected as 
outliers plotting total rainfall against peak river 
level. The remaining candidate events were:

Figure 4-15:  Monthly distribution of annual  
maximum flows at the Juan Diaz station

Equation 4:  Rating equation  
for the Juan Diaz River

By comparing the monthly maximum flows 
with the corresponding maximum level (stage), 
extracted from the daily records, it has been 
possible to develop some insight into the 
relationship between flow and level at the Juan 
Diaz station. The long periods of missing data 
limit the number of points that can be plotted, 
but Figure 4-16 below indicates that there is a 
relationship evident between stage and flow. 
The fact that the points do not plot on a single 
line suggests that the flow data has not been 
calculated from a rating equation, or at least not 
one rating covering the whole period of record.

From this analysis it has been possible to 
reconstruct a preliminary and approximate 
rating equation for Juan Diaz:

Figure 4-16:  Comparison  
of maximum flow and maximum  
stage values at Juan Diaz station

Q = 77.022 H2.6937

where Q is flow and H is stage.



62

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

• 20 Sept 2000 (maximum daily mean flow 
434 m3/s)28 Sept 2001 (maximum daily 
mean flow 130 m3/s)

• 17 Sept 2004 (maximum daily mean flow 
2600 m3/s, which is far beyond the upper 
limit of the flow data used to derive the 
rating equation, so highly uncertain) 

• 31 May 2005 (maximum daily mean flow 25 
m3/s) 

Calibration attempt

It would be valuable to calibrate the parameters 
of both the losses model and the routing model 
(unit hydrograph). Unfortunately, the data 
available create difficulties with calibration of 
either model. Because the river level data are 
at daily time interval, they are not suitable for 
calibrating the lag time on this fast-responding 
catchment, where floods take hours rather than 
days to reach their peak.

This leaves the calibration of the losses model, 
which controls the volume of runoff.  An attempt 
at calibration soon revealed a fundamental 
problem with the hydrometric data in this regard. 
The volume of river flow for the calibration events 
exceeds the volume of rainfall recorded.

For example, take the September 2000 event: 
just for the 20 September 2000 (ignoring 
subsequent days), the mean daily flow is 434 
m3/s. This is equivalent to a runoff depth of 
326mm across the Juan Diaz catchment (the 
catchment area being 115km2).  Yet the rainfall 
depth, being generous and including several 
days, from 00:00 on 19 Sept to 00:00 on 22 
Sept, is 75mm. The inferred volume of flow 
greatly exceeds the rainfall volume. This is not 
physically possible (barring the possibility of 
artificial effects such as transfer of water from 
other catchments or release from reservoirs, 
neither of which appears likely in this case). A 
similar problem occurs for the Sept 2001 event.  

The data is simply not informative for model 
calibration.  If it was possible to obtain daily 
flow data as opposed to reconstructing it from 
an inferred and uncertain rating equation, it 
may be possible to make some more progress 
with model calibration. Otherwise, it will be 
necessary to proceed with an uncalibrated 
model. The sensitivity tests described below 
provide some reassurance in this regard.

4.5.5 Sensitivity to rainfall-runoff model 
parameters

The model results were tested for sensitivity to 
the two key parameters, i.e. the continuing loss 
rate and the lag time. 

To explore the range of possible loss rates, an 
upper rate was estimated by altering the soil group 
from C to B and the land cover quality from Fair to 
Good.  Similarly, a lower rate emerged when the 
soil group was altered to D and the cover quality 
to Poor (Table 4-8). The upper loss rate varied 
from 5.6-6.6mm/hour across the sub-basins, 
and the lower rate from 1.0 to 1.8mm/hour. The 
effect on simulated flows was negligible.  Peaks 
increased by up to 2% as a result of adopting 
the lower loss rate, and decreased by up to 4% 
when the upper rate was chosen. The reason for 
this lack of sensitivity is that all the estimated loss 
rates are small in comparison with the intensity of 
the rainfall. The intense tropical downpours can 
be expected to overwhelm the capacity of the 
catchment to store or infiltrate water.

Sensitivity to lag times was checked by altering 
the lag time by ±30%. This resulted in a change 
of up to +36% or down to -21% in the simulated 
peak flow.  So, there is a reasonable degree of 
sensitivity to estimation of the lag parameter 
(Table 4-9). It is recommended that efforts are 
made to collect river level data at a resolution of 
1 hour or finer on the Tocumen catchment.  This 
would enable a much more accurate estimation of 
the lag parameter, and hence reduce uncertainty 
in the results of the hydrological modelling.



63

THE WORLD BANK

Table 4-8: Sensitivity test for loss rates

Sub-basin Loss rate (mm/hr) Peak flows (m3/s) Sensitivity to loss rate -  
compared with best 
estimate

Best 
estimate

Best 
estimate

Upper Upper UpperLower Lower Lower

Tapia

Tagarete

Tocumen upper

Tocumen 
tributary

2.8

3.1

2.3

3.0

6.1

6.3

5.5

6.3

1.4

1.7

1.0

1.6

119

196

45

77

114 -4%

188 -4%

44 -2%

74 -4%

121 2%

200 2%

46 2%

78 1%

Table 4-9: Sensitivity test for lag time

Sub-basin Lag time in minutes Peak flows (m3/s) Sensitivity to lag - 
compared with best 
estimate

Best 
estimate

Best 
estimate

Upper Upper UpperLower Lower Lower

Tapia

Tagarete

Tocumen upper

Tocumen 
tributary

111

31

37

22

144

40

48

29

78

22

26

15

119

196

45

77

94 -21%

166 -15%

38 -16%

67 -13%

162 36%

232 18%

56 24%

90 17%

4.5.6 Sensitivity to design  
storm profile and duration

As discussed earlier, three generic shapes 
of storm profile have been selected, i.e. 
frontloaded, average and backloaded. These 
have been tested in the rainfall-runoff models 
of each sub-basin, for a storm duration 
of 6 hours. In each case the highest peak 
flow resulted from the back-loaded Profile 

10. Figure 4-17 shows an example, for the 
Tocumen Upper catchment. As a result of 
this finding, the back-loaded Profile 10 shape 
has been selected for all design runs of the 
model.  Different profile shapes are selected for 
different storm durations, in accordance with 
the Australian procedure. 

Sensitivity tests to storm duration indicate 
that the highest peak flows occur from 
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Figure 4-17: Simulated flow hydrographs  
on the Tocumen Upper catchment from  
three design storm profiles, each with 
duration 6 hours

a 1-hour storm, apart from on the Tapia 
sub-basin where the critical duration is 3 
hours.  The critical duration depends on 
the catchment properties, with these short, 
steep catchments being sensitive to high 
intensity rather than high-volume storms.  
The sensitivity to storm duration may also be 
affected by the decision to apply the initial 
and continuing losses model.

Figure 4-18: Critical duration tests for the 
Tapia and Tocumen Upper sub-basins, 1 in 
100-year, ARR rainfall profile 10

4.6 Direct rainfall 
modelling
The rainfall-runoff approach applied to lumped 
sub-basins, as described above, is suitable 
for calculating point inflow at the head of a 
river reach in a hydrodynamic model, and for 
calculating inflows from significant tributaries not 
included within the model.  Within urban areas, 
however, there are often significant interactions 
between rivers, floodplains and minor flow 
pathways including small watercourses, 
culverted watercourses and urban drainage 
systems.  The alternative approach is to model 
a rainfall boundary directly with the 2D model.   
Within the 2D boundaries of the HEC-RAS 
hydrodynamic model, rainfall was modelled as 
“direct rainfall”, applied directly to the 2D mesh 

Figure 4-18 shows the results of critical duration 
tests for the Tocumen Upper and Tapia sub-
basins.  In light of these results, the decision 
was taken to carry forward both the 1-hour and 
3-hour storms for the design runs.  

The tests described here reveal only the 
sensitivity of the hydrological model outputs. 
It may be that there is additional sensitivity 
revealed within the hydraulic model: for 
instance, if there are flatter areas in the lower 
catchment where flood water can be stored, 
these may tend to flood to a greater depth 
following longer-duration storms. The final 
decision on critical duration was, therefore, 
taken following testing of a range of event 
durations in the hydrodynamic model; see 
section 5.8.1 for details.
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in order to enable the hydrodynamic model 
determine the multiple pathways by which water 
flows through the urban catchment. The extents 
of the 2D model are shown in Figure 5-1. This 
method enabled assessment of fluvial, tidal and 
pluvial flood hazards within the same model.

The direct rainfall model used the same gross 
rainfall input hyetographs as the lumped 
catchment-based modelling used to derive flows 
from the upper catchment.  HEC-RAS does not 
currently include a facility for calculating losses 
(for example infiltration into the ground) from direct 
rainfall boundaries within the 2D model.  In order 
to account for losses as a result of percentage 
runoff and urban drainage, effective rainfall 
hyetographs were calculated in a spreadsheet 
and then the results were applied in HEC-RAS.  
A simple fixed percentage runoff approach was 
taken, using the percentages shown and justified 

in Table 4-10.  In addition, mm per hour losses 
were calculated for surfaces with urban drainage 
systems. Using this method, the effective rainfall 
hyetographs were calculated and subsequently 
applied to the hydrodynamic model, as described 
in section 5.3.1.

Figure 4-19 and Figure 4-20 illustrate the 
change from gross rainfall to effective rainfall for 
the different land use classes modelled, for the 1 
in 1-year and 1 in 100-year events. It is notable 
that effective rainfall is significantly higher in 
urban areas than in rural and forested areas. 
There is no effective runoff rainfall in the airport 
for the 1 in 1-year event, because all runoff is 
assumed to be contained within the airport’s 
drainage systems, but a small amount of 
effective rainfall is modelled in the 1 in 100-year 
event. Effective rainfall boundaries for all return 
periods are tabulated in Appendix E.3. 

Table 4-10: Direct rainfall percentage runoff and urban drainage losses for different land uses. 

Runoff type CLC Classes % runoff Additional 
losses for urban 
drainage (mm/hr)

Commentary

Urban 1.1.1.3 Urban 
areas with green/
natural spaces

1.1.3.2. Nucleated 
rural housing

1.2.1.1. Industrial 
areas

1.2.1.2. Commercial 
areas

1.2.2. Road and 
railway network

3.3.3. Bare lands

Banks

90% 6 A conservative percentage runoff 
of 90% was applied, given the 
high percentage of impermeable 
surface cover in urban areas and 
the high intensity of rainfall, limiting 
opportunities for infiltration.  The 
previous IDB 2016 study used fixed 
and variable losses but the values 
used are not reported.  The UK Flood 
Map for Surface Water (Environment 
Agency, 2019) used 70%, selected as 
an average between city center and 
suburban land uses. 

6mm/hr losses for urban drainage 
relate to moderate losses to foul/
combined drainage.  Urban surface 
water drainage is unmapped and 
highly prone to blockage.  Environment 
Agency 2019 cites 6mm/hr as at the 
lower end of urban drainage capacity, 
thus this is a conservative assumption.
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Airport

Rural and 
semi-natural

Forest

1.2.4. Airport

1.1.3.1. Dispersed 
rural housing

2.2.2. Permanent bush crops

2.3.1. Grasslands

2.3.2. Grasslands 
with forest

2.4.4. Mosaic of 
grasslands with 
natural spaces

3.2.3. Secondary or 
transitional vegetation

2.2.3. Permanent  
forest crops

3.1.1. Dense forest

3.1.4. Riparian Forest

100%

50%

40%

64

0

0

90% percentage runoff is typical for well-
maintained buildings and roads.  100% 
assumed because airport and runway 
drainage systems are typically designed 
to a high standard.

The design standard applied at Tocumen 
International Airport is unknown, but 
a high standard of urban drainage is 
assumed for the airport, equivalent to a 
one-hour rainfall event of a 1 in 10-year 
return period, which equates to 64mm/hr.  

Note that, based on the DTM and aerial 
imagery, the majority of the airport 
effectively drains away from the Tocumen 
river, south eastwards into the Cabra 
river.  This does run through the Tocumen 
wetlands into the Tocumen just upstream 
of the coast, however this system is 
not fully represented in the model.  The 
southern 1/3 of the runway appears to 
drain directly to the Tocumen.  

Assumed for soil class 3 - mainly 
grassland

Assumed for soil class 3 – mainly trees

Runoff type CLC Classes % runoff Additional 
losses for urban 
drainage (mm/hr)

Commentary
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Waterbodies 51.1.1 Streams/rivers

5.1.2. Lagoons, 
lake and natural 
marshland

3.1.5. Mangrove

100% 0 100% of rain falling onto waterbodies is 
assumed to be effective.

Figure 4-19: Gross and effective rainfall,  
1 in 1-year event

Figure 4-20: Gross and effective rainfall,  
1 in 100-year event

Figure 4-21: Inflow hydrographs,  
Tapia, all return periods, 3-hour

Figure 4-22: Inflow hydrographs, Tocumen 
Upper, all return periods, 3-hour

4.7 Design runs
The HEC-HMS model for each of the four sub-
basins of the Tocumen River has been run for 
return periods 1 in 10, 20, 50, 100 and 500-
year and for storm durations 1 and 3 hours. In 
general, the three-hour event produced greater 

flood extents than the one-hour, and therefore 
the three-hour design event was adopted for all 
baseline and scenario modelling. The resulting 
flood hydrographs have been used as inputs to 
the hydraulic model. Figure 4-21 to Figure 4-24 
show hydrographs for the 3-hour events for 
each modelled sub-basin.

Runoff type CLC Classes % runoff Additional 
losses for urban 
drainage (mm/hr)

Commentary
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Figure 4-23: Inflow hydrographs, Tagarete, all 
return periods, 3-hour

Figure 4-24: Inflow hydrographs, Tocumen 
Tributary, all return periods, 3-hour

4.8 Extreme sea-level 
analysis and tide 
curve generation
4.8.1 Panorama

As introduced in section 3.1.2, the Balboa 
tidal gauge, located close to the mouth of the 
Panama Canal, benefits from a 111 year record 
of hourly data.  Extreme still water sea level 
estimates were calculated from a statistical 
analysis of the Balboa gauge data:

• The water level time series was de-trended 
to a base year of 2017 using regression 
of monthly mean water level with time. 
Daily maximum water levels were obtained 
from this time series, and any day where 
more than 20% of data were missing was 
excluded from further analysis.

• The daily maximum time series was then 
de-clustered to ensure that the Generalized 
Pareto model was fitted to approximately 
independent events. An extreme value 
threshold of 7.25m was applied.

• The effects of a hurricane event (which 
did not make landfall in Panama City) was 
identified as an outlier in the water level time 
series.  Analysis of extreme water levels with 
and without this event made little difference 
to low return periods, and only a 0.15m 
difference in the 100-year level.  The event 
was retained in the time series as a result.

4.8.2 Extreme sea levels

As introduced in section 3.1.2, the Balboa 
tidal gauge, located close to the mouth of the 
Panama Canal, benefits from a 111 year record 
of hourly data.  Extreme still water sea level 
estimates were calculated from a statistical 
analysis of the Balboa gauge data:

• The water level time series was de-trended 
to a base year of 2017 using regression 
of monthly mean water level with time. 
Daily maximum water levels were obtained 
from this time series, and any day where 
more than 20% of data were missing was 
excluded from further analysis.  

• The daily maximum time series was then 
de-clustered to ensure that the Generalized 
Pareto model was fitted to approximately 
independent events. An extreme value 
threshold of 7.25m was applied.
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Figure 4-25: RLR diagram for Balboa gauge

Table 4-12 Extreme still water levels (mAOD) to TGZ and MSL

Return period T2 T5 T10 T20 T30 T100T50 T200 T1,000

Tide Gauge Zero 
(TGZ) 7.40 7.49 7.55 7.61 7.64 7.68 7.73 7.78 7.88

3.45 3.54 3.60 3.45 3.66 3.69 3.73 3.79 3.45
Mean Sea Level 
(MSL) datum

• The effects of a hurricane event (which 
did not make landfall in Panama City) was 
identified as an outlier in the water level time 
series.  Analysis of extreme water levels with 
and without this event made little difference 
to low return periods, and only a 0.15m 
difference in the 100-year level.  The event 
was retained in the time series as a result.

As the gauge data was in Tide Gauge Zero 
(TGZ) datum this was adjusted to Mean Sea 
Level datum (MSL) as reported in PSMSL (2019) 
by subtracting 3.944m based on the Revised 
Local Reference (RLR) diagram for Balboa 
(Figure 4-25) as detailed on the gauge data 
download page (PSMSL 2019). The TGZ and 
adjusted MSL levels are shown in Table 4-12.

4.8.3 Astronomical tide  
and surge profile data

Astronomical tide data was split out into 
approximations for tide, surge and mean sea 
level respectively (“t”, “s” and “m”).  An astro 
tide was taken from 2014 (02/03/2014) as this 
was the largest astro tide between 1908 to 
2014.  This was a suitably high astronomical 
tide for tide curve generation.

A design surge shape was generated based 
on harmonic analysis.  Surge shapes were 
generated using the harmonics rather than 
the Mean Spring Tide (MST), as in theory 

Table 4-11: Tide curves modelled 

Scenario Return period

T2 T5 T10 T20 T30 T100T50 T200 T1,000

Present day  
2019
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the harmonic analysis provides a better 
representation of surge than the MST, it just has 
a lot of additional “signals”.

Positive surge events were identified from 
the MST, and then the corresponding surge 
residuals from the harmonics were extracted 
for four large events (06/09/1987, 09/01/1991, 
24/02/1992, 12/07/1997) and smoothed using a 
70-hour average.  The peaks were then aligned 
and standardized to a value of 1.  An average of 
the surge events was identified to generate the 
design surge shape (Figure 4-26).

Figure 4-26: Design surge shape

Figure 4-27: Tide curve example, 1 in 30-
year return period (present day) 

Note that the impacts of El Niño and La Niña 
events were not separately analyzed when 
calculating extreme sea levels.  The impact of 
these events is discussed further in section 7.2.

4.8.4 Design tide curves

UK Environment Agency guidance (Environment 
Agency,2011) was followed to develop design 
tidal curves.  The peak of the design surge 
profile was aligned to coincide with the low 
tide level before the maximum peak of the 
astronomical tide.  Aligning the peak surge with 
the trough increases the overall volume of the 
tide graph when compared to aligning the peak 
surge with the peak tide.  Alignment with the 
trough was therefore chosen as it was the more 
conservative option.

The design surge profile was multiplied by a 
growth factor and added to the astronomical 
tide, scaling to the desired extreme sea level to 
form a tide curve for each return period event.  
The 1 in 30-year return period event is shown in 
Figure 4-27 as an example.  The tabulated tidal 
boundaries for all return periods are provided in 
Appendix E.9.

4.9 Joint probability 
analysis
4.9.1 Introduction

Within the lower reaches of the Rivers Tocumen 
and Tapia, the hazard and risk of flooding in 
any particular event is dependent upon the 
coincidence of peak flood flow in the river with 
the tidal state, both the semi-diurnal falling 
and rising (ebb and flow) of the tide but also by 
astronomical and surge events.  This introduces 
the concept of the joint probability event, 
whereby the coincidence of two variables 
of known event rarities results in an event of 
higher rarity.  

The joint probability of fluvial and pluvial 
flooding with extreme sea level conditions varies 
considerably by different locations around the 
globe.  In some locations, low-pressure weather 
events and hurricanes lead to the coincidence 
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of both the sea level events (as a result of storm 
surge) with the highest precipitation events 
– here the two variables can be described as 
super-dependent.  In other locations there is 
no correlation between extremes of sea levels 
and river flow – here the two variables are 
independent.

4.9.2 Method

The method described in Environment 
Agency / Defra (2005) was used to analyze 
the dependence of rainfall, as observed at the 
Tocumen gauge, and sea-level, as observed 
at Balboa.  As there is no observed river flow 
data for the River Tocumen, and little in the 
way of reliable data for similar catchments, the 
dependency of river flow and sea-level could 
not be assessed.  The analysis of dependence 
of rainfall and sea-level was applied as follows:

• Marginal extreme values were calculated for 
rainfall (section 4.2) and sea-level (section 
4.8.2).

• Using an R-script, the two variables were 
joined into a single dataset of maximum 
daily sea-level and rainfall.  

• The dependence of the two variables was 
calculated using the χ (chi) dependence 
measure.

The spreadsheet tool provided with Environment 
Agency / Defra (2005) was used to calculate the 
table of appropriate combinations of the two 
variables, for each joint return period required, 
expressed in terms their marginal return periods.

4.9.3 Results

The analysis of dependence indicates that sea-
level and rainfall are only modestly correlated 
in the catchment, with a dependence measure 
of χ (chi) = 0.025.  As a consequence, the 
coincidence of relatively low return period 

rainfall and sea-level events have a very low 
joint probability (and hence a high return period).  
The joint probability return periods for both 
parameters are given in Table 4-13.

If a 200-year joint probability return period is 
required, this could be made up of several 
combined scenarios. This can be interpreted 
from the above matrix that suggests for a 200-
year JP return period, for example, this could 
vary from a 125-year return period for variable 1 
with a 0.2-year return period for variable 2, or at 
the other end of the scale, a 0.125-year Variable 
1 return period with a 200-year Variable 2 return 
period, with various combinations in between. 

To assess the extent of the tidal influence in the 
model two runs were set up: A) a run using base 
flow with a constant tidal water level of 0.1m as 
tidal boundary; and B) a run with the same base 
flow but with a 1,000-year tidal boundary (see 
Appendix E.9).  Model results showed that most 
of the area south of the confluence between 
the Tapia and Tocumen rivers – the mangrove 
area - was shown to be at risk of flooding from 
the sea.  With regards to the influence of the 
tidal boundary influence in peak water levels 
along the model, the influence can be traced to 

Figure 4-28: Peak water levels using fluvial 
base flow with a constant tidal water level of 
0.1m vs a fluvial base flow with a 1,000-year 
tidal curve as tidal boundary. 
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Table 4-13:  Calculated marginal return periods for sea-level and rainfall

Return Period

0,2

2

5

10

20

30

50

100

200

1,000

Variable 2  
(Sea Level) 
Marginal Return 
Period (years)

Variable 1  
(rainfall) - Marginal Return Period (years)

2 5 10 20 30 10050 200 1,000

0.013 0.078 0.313 1.250 2.813 7.813 31.25 125.0 1000.0

0.001 0.008 0.031 0.125 0.281 0.781 3.125 12.50 312.5

#N/A 0.003 0.013 0.050 0.113 0.313 1.250 5.000 125.0

#N/A #N/A 0.006 0.025 0.056 0.156 0.625 2.500 62.5

#N/A #N/A #N/A 0.013 0.028 0.078 0.313 1.250 31.25

#N/A #N/A #N/A #N/A 0.019 0.052 0.208 0.833 20.83

#N/A #N/A #N/A #N/A #N/A 0.031 0.125 0.500 12.50

#N/A #N/A #N/A #N/A #N/A #N/A 0.063 0.250 6.25

#N/A #N/A #N/A #N/A #N/A #N/A #N/A 0.125 3.125

#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A 0.625

Note: Cells marked N/A represent those scenarios where the statistically dominant variable is such that at that 
particular return period the other variable is statistically unlikely to have any influence. 

approximately 1km inland. Figure 4-28 shows 
the influence that the tidal boundary has in the 
Tocumen river peak water levels.

With regards to flood extents, results show 
that a tidal boundary as extreme as the 1,000-
year event, does not appear to have a major 
impact on flood extents north of the confluence 
between the Tapia and the Tocumen rivers, 
which is expected given the influence that it has 
in peak water levels in the model.

 Figure 4-29 shows the flood extent of four 
runs: base flow with a constant tidal water 
level of 0.1m as tidal boundary (in green); same 
base flow but with a 1,000-year tidal boundary 
(in blue); 2-year fluvial and pluvial flows with 
1,000-year tidal boundary; and 1,000-year 
event fluvial and pluvial flows with Mean Sea 
Level datum (MSL) tidal curve as downstream 
boundary (in purple).  

Tidal results show that the area of the model 
south of the confluence of the Tapia and 
Tocumen rivers is likely to be affected by 
flooding from the sea.  This area is mainly 
covered by Mangrove. The only area with 
receptors that appear at risk of flooding from 
the sea is the urbanization between Residencial 
Versalles and Altos de Plaza Tocumen.  Although 
no detailed drainage information was available, 
and only an assumed cut-through the DTM 
represents culverts beneath Corredor Sur 
Highway, the modelling suggests that this 
area may be in the minimum susceptible to 
tidal locking during combinations of high sea 
levels and rainfall.  In this area the comparison 
between the two runs using a 1,000-year tidal 
boundary shows that the run using a 2-year 
fluvial and pluvial event (in orange) has a smaller 
extent.  The comparison shows that is the fluvial 
and pluvial combination the dominant factors 
influencing the flood risk areas of the model 
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Figure 4-29: Comparison of different combinations events  
with and without tidal boundary. 

where receptors exists.  Consequently, the 
models were set up using the Mean Sea Level 
datum (MSL) in all the result periods.  
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HYDRODYNAMIC 
MODELLING

This section provides greater 
detail on the schematization of the 
hydraulic model.  

5.1 Choice  
of software
A hydrodynamic model of the River Tocumen 
and its tributaries was needed to assist an 
evaluation of how natural (e.g. mangroves and 
riparian vegetation) and hybrid solutions (e.g. 
mixed nature-based, grey, structural and non-
structural interventions) could contribute to 
flood risk resilience in the study area.

For the purposes of this study, a new model of 
the River Tocumen was built using HEC RAS 
5.0.7, the latest release when undertaking the 
design runs.  Flow through structures such 
as culverts are often better represented with 

a 1D solution, whereas out of bank flows are 
often best represented in the 2D domain.  The 
HEC RAS 2D domain is typically used for this 
purpose and provides the ability to model 
complex overland flow routes.  This approach 
remains valid as it is an industry standard and 
well understood making it robust for future 
uses.  HEC-RAS was also favored because 
as a free to use software package, it will allow 
the Municipality of Panama or its consultants 
to use and further develop the model in the 
future without the need to purchase expensive 
software.

5.2 Model 
schematization
This section provides detail on the 
schematization of the hydraulic model.  The 
new hydrodynamic model includes the Tocumen 

Table 5-1: Summary of modelled rivers schematization

Watercourse  River  
Code

Model 
chainage

Channel Floodplain

River Tapia 
(Approximately 
4,750m)

River Tocumen 
(Approximately 
14,600m)

River Tagarete 
(Approximately 
1,250m)

01

02

03

Cross sections from 
014474 to 010053  
(51 cross section lines)

Cross sections from  
0211654 to 0200000  
(29 cross section lines)

Cross sections from 
0301241 to 0300025  
(22 cross section lines)

1D Cross sections 
represented as a 2D 
continuous grid  
(HEC RAS)

1D Cross sections 
represented as a 2D 
continuous grid  
(HEC RAS)

1D Cross sections 
represented as a 2D 
continuous grid  
(HEC RAS)

2D continuous grid 
(HEC RAS)

2D continuous grid 
(HEC RAS)

2D continuous grid 
(HEC RAS)
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Item Description 

Cross section 
labelling convention

Channel

Structures

Bank 
levels and 
topography 
features 

Labelling of cross-sections has been implemented to reflect the chainage of the February 2019 survey information.  
Labels consist of a number code in the first two characters that identifies the river.  The rest of numbers in the name 
identify the chainage of the modelled river section.  The chainage was provided by the surveyed information.  For 
example, 013792 is on the Tapia river, at 3,792m survey chainage from the Tapia river downstream boundary.

Structures have been named according to the road that crosses them. 

The channel system has been modelled within the 2D domain.  

In this instance, the new cross section survey collected in February 2019 has been used solely to represent the 
channel.  Only hard bed levels were surveyed, which were used within the model.  It is assumed that this is an 
accurate representation of the existing condition and will remain unaltered.  

To represent the surveyed cross sections along the modelled rivers in the 2D domain, a digital terrain model (DTM) 
was created using the surveyed cross sections elevation.  This DTM was created by interpolating between the 
elevation values available in the cross sections.  270 cross sections were used to create the continuous 1D surface.  
89 of these cross sections were interpolations produced in HEC RAS.  The interpolations were created specifically in 
the meandering and junction areas to improve the resulting raster.  The resulting surface grid was then stamped on 
the DTM.

A total of six road bridges and one ford have been represented in this model: two road bridges along the Tapia 
River; one road bridge along the Tagarete river; and three bridges and one ford along the Tocumen river.  These 
bridge structures and the ford were represented in the models using a culvert unit and a weir unit respectively. 
Surveyed levels were used to determine the dimensions of these structures.  

Overtopping of the structures have been represented by the use of a weir unit. Key information for these is 
summarized in section 5.6 of the report.  

Bank levels and significant features or flow routes on the floodplain have been represented in the terrain layer in 
order to be represented in HEC RAS. 

The surveyed cross sections have been used to inform bank top levels in the absence of crest level survey.   Given 
the date and resolution of the DTMs available for this study, an interpolation of crest levels between cross sections 
was deemed to provide a more accurate information than the DTM information, with the exception of the areas were 
LiDAR is available. 

The downside of this approach is that some of the flow paths along the floodplain would not be detected, where 
the flow path is located between cross sections.  The existence of flow path and their representation in the model 
required some subjecting modifications to the DTM.  A layer of the locations where the banks were modified and in 
general how the composite DTMs for the model was built have been provided in the Appendix C. 

Table 5-2: General schematization

river and two tributaries, the Tapia and Tagarete 
rivers.  Table 5-1 provides a summary of the 
modelled rivers schematization. 

The model extents from approximately 2,800m 
north of the Pan-American Highway to the 
mouth of the River Tocumen within the Bay of 
Panama.  The entire length of the Tocumen river 
modelled is 14,600m.  At approximately 8,400m 
from the start of the model, the Tagarete river 
joins the Tocumen river from the right.  The 
Tagarete river modelled section extents from 

downstream of the Pan-American Highway 
to its confluence with the Tocumen.  The 
modelled length is of 1,250m.  At approximately 
2,500m upstream of where the Tocumen river 
meets the sea, the Tapia river joins from the 
right.  The Tapia river modelled reach extents 
from the Augustin Arango Highway towards 
its confluence with the Tocumen river. The 
modelled length is of approximately 4,750m. 

Specifics of the hydraulic model schematics is 
presented in presented in Table 5-2.
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Item Description

Buildings Buildings were represented in the model by defining their Manning’s n value in the 2D roughness layer.  The 
locations of the buildings were identified from the URC 2018 Land Cover dataset.  Land cover classes from this 
dataset identified as buildings were:

- 1.1.1.3. Urban area with green spaces

- 1.1.3.1. Dispersed rural housing

- 1.1.3.2. Nucleated rural housing

- 1.2.1.1. Industrial areas

- 1.2.1.2. Commercial areas

No adjustment to ground levels will be made at building footprints (for instance to account for the presence of 
building thresholds) through the model.

5.3 Model Boundaries

5.3.1 2D domain boundaries

The east and west edges of the 2D model 
extents follow the Tapia and the Tocumen 
river basin boundaries.  After analyzing the 
topography and specific current features, 
the extents were modified to improve model 
simulation time and hydraulic consistency.  
Where clear features such as roads were 
present, the model domain was modified to 
follow those features.  The northern boundary of 
the 2D model was principally governed by the 
upstream extents of the river channel survey, 
which defined the upper limits of the area 
required to be modelled in detail.  Northwards of 
this boundary, the catchments are represented 
as hydrological inflows from the four basins 
described in section 4.  In the coastal section 
of the model, the boundaries were extended 
east and west to include a wider swathe 
of the mangroves, to allow for some lateral 
flows within this low-lying area.  The southern 
boundary was set a short distance south of 
the edge of the mangrove extents.  The Cabra 
river catchment is located to the east of the 
Tocumen catchment.  In its lower reaches, the 
Cabra runs laterally along the coast and joins 
the Tocumen river from the east a short distance 

before the Tocumen meets the sea.  Although 
the Cabra river is a tributary of the Tocumen and 
is partially represented in the modified DTM, it 
is not formally represented in the model, for the 
following reasons:

• The catchment area is uncertain and may 
have been altered by agricultural drainage 
systems to the east.

• As the Cabra only joins the Tocumen in its 
lowest reaches, it is unlikely that its inflow 
significantly impacts on flood hazards within 
the developed part of the study area: it is 
1km downstream of the current urban limits, 
and water levels here are more likely to be 
dominated by tidal state

• The Cabra was not included within the 
scope of the river channel survey 

• The only available DTM in the majority of 
the Cabra catchment was the very poor 
quality SRTM, and manual modifications 
had to be applied in the small part of the 
Cabra catchment which was modelled (See 
Appendix C for details).

The model extents were sub-divided into 
thirteen 2D flow areas (Figure 5-1). These 13 
areas represented broad areas of different land 
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use, to which different direct rainfall boundaries 
could be applied to enable spatially varying 
percentage runoff rates in the base model, and 
to permit different runoff rates to be applied 
to represent land use changes in the future 
scenarios.  The link between these thirteen flow 
areas was implemented by an internal SA/2D 
hydraulic connections among their boundaries. 
This HEC RAS boundary allows 2D cells from 
the mesh of one domain to be connected to the 
cells of the adjacent domain mesh, after setting 
it with the adequate length and elevation.  

At the edges of the 2D model extent, to avoid 
a “glass-wall” effect along the domain edges 
external Boundary Condition Line were used 
to allow water to flow out of the domain. In 
these cases, the link was not between cells. 
The Outer cells were linked to a normal depth 
downstream boundary (Figure 5-2). The 
boundary was set up to a friction slope of 
0.001. This low slope value was chosen under 
the assumption that the adjacent elevation to 
the model boundary would be similar to the 
outer cells’ elevation. The objective was to 
allow |water flow slightly and not pond once it 
reached the model boundary.

The complete set of all the boundaries 
conditions is presented in Appendix E of this 
report.

5.3.2 Inflow boundaries

A total of four hydrographs have been applied 
to the model (see location in Figure 5-1). Peak 
flows are presented in Table 5-3.

A flow hydrograph boundary was applied to 
the upstream extent of the modelled Tapia, 
Tagarete and Tocumen rivers (see Figure 4-21 
to Figure 4-24). Additionally, a tributary of the 
Tocumen river (unknown name and descripted 
as “Tocumen Tributary”) joins it from the 
east approximately 800m upstream the Pan-
American Highway.  This tributary constitutes 
a contributing watercourse and general 
intervening catchment area (where no true 
watercourse is present, but the catchment area 
increases).  Given the scale of the hydrological 
catchment (coarsely digitalized) and poor 
representation of this tributary on the DTM, it 
was decided to apply the flow internally and 
laterally at the Tocumen river at the point where 
the two watercourses join (See BC_Flow_
TocTrib in Figure 5-1).

The hydrographs represent the catchment 
contributing flows from the upstream areas.  
HEC HMS model method was used to obtain 
hydrograph shapes fitted to rainfall-runoff peak 
flows.  A storm duration of 3 hours was used for 
the baseline model as this is the critical storm 

Table 5-3: Peak flows

Inflow  
Location

1 2 5 10 20 30 50 100 200 500

Peak Flow (3 hour storms ) m3/s

Return period (years)

Tapia 81.0 96.6 117.4 133.0 148.7 157.8 169.3 184.8 200.4 220.7

74.5 89.1 108.5 123.1 137.7 146.2 156.9 171.3 185.9 204.9

19.0 22.6 27.2 30.7 34.2 36.3 38.9 42.4 45.9 50.4

26.9 32.1 39.1 44.3 49.5 52.5 56.4 61.5 66.7 73.5

Tocumen Upper

Tagarete

Tocumen 
tributary
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Figure 5-1: Model boundaries conditions
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duration along the more established urban areas 
on the southern part of the model.  Further 
details of how this inflow was calculated are 
provided in Section 4 of this report.  

Pluvial boundaries were applied as precipitation 
(mm) directly into each of thirteen 2D flow areas.  
The direct rainfall percentage runoff and urban 
drainage losses were applied according to the 
land-use that each 2D flow areas was classified 
with. Figure 5-1 shows the land-use class of 
each of the thirteen 2D flow areas.  The Direct 
rainfall percentage runoff and urban drainage 
losses are detailed in Table 4-10 of this report. 

Figure 5-2 shows the HEC RAS unsteady flow 
data window. All the model boundaries conditions 
used are listed there: four flow hydrographs; 
thirteen precipitation boundaries; fourteen 
outer normal depths boundaries; and one stage 
boundary at the downstream of the model.

5.3.3 Downstream boundary

The downstream boundary for the model 
is represented by a stage hydrograph 
representing the tide change at the coastline 
(BC_Flow_Tidal_DS in Figure 5-1). The Mean 
Sea Level datum (MSL) tidal curve was used 
as downstream boundary for all the results 
periods.  The boundary condition is presented 
in Appendix E.9 of this report and information 
on how the tide curves were calculated is 
presented in Section 4.8 of this report.

5.4 Topography
The topography is a key component of any 
catchment-scale assessment of flood hazard 
and risk to people and property.  The principal 
sources of digital elevation data available were, 
in order of preference:

• Tocumen airport Light Detection and 
Ranging (LiDAR)

• Topographic survey of cross-sections and 
floodplains prepared by GeoMap

• 1m contours and the DTM produced from 
these (MDTPan)

There are two parts of the catchment which are 
not covered by any of these sources: firstly, a 
small area of mangrove forest at the south of the 
catchment, and secondly the upper catchment, 
mainly to the north of Corredor Norte.  The use 
of two open-source elevation models to infill 
these areas was, therefore, considered:

• ASTER GDEM (approximately 30m 
resolution)

• SRTM (approximately 93m resolution).

Analysis of these data sources at inception 
stage (see Appendix A) identified that, where 
these datasets coincide, there are some very 
significant variations due to the age, resolution 
and level of accuracy of the different techniques 
used.  In particular, the ASTER GDEM was 
particularly inaccurate, with some levels 60m 
above high-confidence LiDAR elevations, and 
was therefore discounted from use in the study.  

The preparation of a composite DTM is 
documented in full in Appendix C0.  The basic 
steps in the process were as follows:

1. The airport LiDAR, which was provided as 
an unfiltered point cloud, was processed 
and cleaned to create a bare-earth DTM.

2. All sources of elevation data were accuracy 
tested by comparing them to the GeoMap 
survey points.  Notably, this analysis 
identified the rapid pace of land-use change 
as a result of landfilling within the Tocumen 
mangroves.  Changes in elevation of 
between +0.5 and +3.8m between the 2018 
LiDAR survey and the 2019 topographic 
survey have been found on the floodplain 
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Figure 5-2: HEC RAS unsteady flow data window
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west of the Tocumen river, suggestion the 
rapid pace of landfilling in the area. 

3. All datasets were interpolated to a 2m grid 
square DTM, to enable comparison and 
mosaicking. 

4. Feathering buffers were created at the 
areas of transition between two sources 
of elevation data, in order to smooth the 
transition and to avoid sudden drops or 
walls in the resulting composite DTM.

5. The sources of elevation data were 
mosaiced with data prioritized in the 
following order:

a. Tocumen airport LiDAR

b. GeoMap topographic survey 

c. MDTPAN

d. SRTM.  

6. Manual fixing was undertaken to resolve 
issues in the resulting composite DTM, 
including:

• Stamping flow pathways where there 
are known or assumed flow routes 
(bridges or culverts) beneath the 
surface elevations. 

Figure 5-3: Example of mosaicking and feathering
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• Removing filling of floodplains 
created by interpolation of the river 
channel survey, 

• Interpolating levels across the 
mangroves to the east of the River 
Tocumen, where the underlying 

SRTM data was very poor.

7. Further edits were made, in an iterative 
manner, within the hydrodynamic model.  

The coverage of the four main elevation datasets 
used to represent the 2D model ground levels 
is presented Figure 5-4. A list of which datasets 
has been used in each of the model domain 
and the percentage that is covered by the four 
topography datasets is presented in Table 5-4.

The composite DTM represents a combination 
of the best available elevation data in the 

Tocumen catchment. However, the level of 
confidence in this dataset is variable, as a result 
of significant changes in elevation between 
different datasets, the age of some areas of data 
in a fast-changing catchment, and the inherent 
inaccuracies within some of the source data, 
especially of the SRTM.  

It is important to know the source of the DTM 
in the different areas of the model as the model 
results confidence is strongly linked to quality of 
the DTM.  The composite DTM is considered to 
vary from high to low confidence depending on the 
source of the data and would not be suitable for 
detailed design. It is, however, considered to be fit 
for purpose for this catchment-scale assessment. 

It is recommended that, in order to assist future 
development within the catchment and better 
manage flood risks, that LiDAR be flown for the 
whole catchment, and, where there has been 
significant change, updated in the future.

2D Domain Area (Km2) DTM data sources and resolution

LiDAR MDTPan SRTM Survey

Air_1 2.64 99.6% 0.4% 0.0% 0.0%

Coast_3 0.92 36.8% 0.0% 63.2% 0.0%

Tocu_2 0.20 0.0% 100.0% 0.0% 0.0%

Air_2 1.33 100.0% 0.0% 0.0% 0.0%

Coast_4 0.50 44.2% 2.6% 53.1% 0.0%

Tocu_3 0.61 0.0% 87.0% 0.0% 13.0%

Coast_1 0.72 0.7% 99.3% 0.0% 0.0%

Tapia_3 0.52 83.0% 13.8% 0.0% 3.2%

Tapia_1 8.14 1.6% 91.9% 0.0% 6.5%

Tocu_4 3.01 45.4% 46.9% 0.0% 7.7%

Coast_2 4.39 23.4% 33.3% 37.8% 5.5%

Tocu_1 6.97 9.7% 72.7% 0.0% 17.5%

Tapia_2 0.39 0.0% 87.9% 0.0% 12.1%

Total 30.33 26.9% 57.1% 8.3% 7.8%

Table 5-4: 2D model size and resolution
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5.5 Model roughness
Channel and floodplain roughness values have 
been represented in the model by Manning’s 
N values.  Manning’s n values are considered 
to be a conveyance factor rather than simply 
a roughness coefficient, and in the context of 
channels take account of channel meanders 
(sinuosity), contraction and expansion such as 
changes in cross sectional area between sections, 
bed material effects and obstacles, as well as the 
vegetation of the banks and floodplains.  As such, 
it is appropriate to define values on a reach basis, 
taking account of the overall features of that reach.  
In order to determine the roughness of the channel 
and floodplain, the URC 2018 Land Cover dataset 
and photographic evidence collected during 
the survey was used as a reference alongside 
application of the method published by Cowan 
(1956).  Table 5-5 summarizes the classes and the 
Manning's coefficient n value given to each class 
in the Baseline scenario.

Figure 5-4: DTM dataset coverage

ID Land Cover Class Baseline (BL)
Manning’s n value

14 3.1.4. Riparian forest

18 5.1.1. Streams/Rivers

12 2.4.4. Mosaic of grasslands  
with natural spaces

16 3.2.3. Secondary or 
transitional vegetation

20 Bank covered on with concrete

11 2.3.2. Grasslands with forest

15 3.1.5. Mangrove

19 5.1.2. Lagoons, lakes  
and natural marshlands

13 3.1.1. Dense forest

17 3.3.3. Bare lands

1 1.1.1.3. Urban area  
with green spaces

0.10

10 2.3.1. Grasslands 0.04

5 1.2.1.2. Commercial areas 0.30

0.07

0.04

3 1.1.3.2. Nucleated rural housing 0.30

0.07

7 1.2.4. Airport 0.30

0.06

0.03

2 1.1.3.1. Dispersed rural housing 0.10

0.06

6 1.2.2. Road and railway network 0.025

0.09

0.06

4 1.2.1.1. Industrial areas 0.25

0.08

8 2.2.2. Permanent  
bush crops

0.10

0.04

Table 5-5: 2D hydraulic roughness  
in the Baseline (BL) scenario

5.6 Modelling 
structures
The 2D HEC RAS model approach does not 
allow for a direct representation of a bridge in a 
2D area.  Although not suitable for detailed bridge 
design or bridge scour analysis, it does allow a 
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bridge in a 2D area to be modelled as a culvert in 
order to represent its impact on water levels. 

In this study the seven structures (Figure 
2-2) were represented by using a SA/2D 
Area Connection with a culvert or culverts if 
more than one opening was defined in the 
survey.  The culvert was represented using 
the Box option, with a width and height that 
corresponded to the bridge opening and a 
length that represented the bridge width.  The 
survey data was used to calculate the culvert 
dimensions in order to replicate the closest 

Figure 5-5: Structure representation in the 2D area

the bridge opening.  The ford’s SA/2D Area 
Connection did not have a culvert attached but 
just a weir unit.  

Although it is clear that the simple dimensions 
of the box cannot perfectly match the bridge 
opening, given the characteristics of the model 
purpose, data and the bridges’ dimensions, this 
approach was considered to be fit for purpose.  
Figure 5-5 shows two examples of the road 
bridge representations in the 2D area: Avenida 
Domingo Diaz bridge in the Tocumen river; and 
Corredor Sur Highway bridge in the Tapia river.  
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Seven structures were included in this model: 
Six road bridges and one ford.  The location and 
representation of all these structures include in 
the hydraulic model is presented in Appendix D 
of this report.

5.7 2D domain setting
An overview of the 2D domain setting is 
presented in Figure 5-6 and Figure 5-7. These 
figures show the setting windows for the HEC 
RAS plan runs. The same settings were used for 
all the runs included in this commission.

Simulation time window was selected based 
on the duration of the events, the time 
selected allows for developing of flooding on 
the floodplain and water conveying into the 
watercourse after the rainfall event finish.  By 
extending the simulation time, it does not make 
to disappear flood from the floodplain as it 
remains in ponding areas.

Computation time steps were selected based 
on simulation time and model stability issues.  
The simulation final time step was select as 5 
sec which allows to complete the simulation in 
a reasonable time (bearing in mind the number 
of simulations and test we needed to make) 
without compromising the model results.  It 
should be noted that WL errors are reported and 
certain cells, these are considered to be within 
reasonable bounds (in the order centimeters 
in maximum of 23 cells), given the resolution/
accuracy of the input data in the model e.g. DTM.

Regarding the computation options, all default 
values and settings were used, expect that 
the full momentum equation was used.  This is 
recommended given the steep slope in the upper 
catchment and relatively shallow water depths at 
the start and end of the simulation time.

A computational mesh of 12 m was used for the 
entire model given the spatial resolution of the 

Figure 5-7: 2D computation  
Options and Tolerance

different topographic sources and the width of 
the modelled rivers.  This cell size was chosen 
as a trade-off between run time and precision 
and 12 m was considered fit for purpose.

Smaller cell sized were tested along the 
channels at the beginning of the model- i.e., 6m 
and 10m -, however, the combination between 
the different cell size produced instabilities, 
especially around structures.  Therefore, it was 
decided to use 12m as a base mesh through 
the entire model.  

Figure 5-6: Unsteady Flow Analysis Window
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In different parts of the model, -i.e., deck of 
structures and small pathways representing 
culverts, breaklines using smaller cell sized were 
enforced on the mesh to reduce and realigned 
cell size along the specific features.

5.8 Model 
simulations
5.8.1 Selection of critical duration

The hydrological modelling (section 4.5.6)  
established that the critical duration which gave 
rise to the highest flood peaks from the upper 
catchment sub-basins was 1-3 hours, however 
it was acknowledged that different parts of the 
catchment may be sensitive to different event 
durations, and that this should be tested in the 
hydrodynamic model.  The model was simulated 
for the 1 in 100-year event of 1, 3 and 6 hour 
durations. This established that the 3-hour event 
gave rise to the greatest flood extents over the 
majority of the model, in particular within the 
urbanized middle section of the catchment.  
Small areas in the steeper upper catchment 
showed more extensive flooding in the 1-hour 
event, and within the mangroves, flood extents 
were slightly greater in the 6-hour event.  

Consideration was given as to whether to run 
all simulations for a range of event durations, 
and then to combine the results.  However, 
given that the great majority of the urbanised 
part of the catchment had a critical duration of 
three hours, and mindful of the large number 
of simulations required for baseline and future 
scenarios, it was decided to apply a single 
event duration of three hours in all simulations.

5.8.2 Design events

The model has been simulated for the following 
return periods: 1 in 1, 2, 5, 10, 20, 30, 50, 100, 
200,500 and 1,000-year.  

A total of eleven baseline runs. Appendix E.1 
contains a log of all final simulations and the 
associated boundary conditions.

5.8.3 Sensitivity testing

Sensitivity analysis to flow was carried out on 
the 1 in 100-year return period.  A 20% increase 
and decrease were applied to the fluvial peak 
flows and rainfall profiles, in order to assess 
how sensitive the model results are to relatively 
small changes in flow.   

Additionally, a sensitivity to downstream 
boundary was carried out for the 2050 and 
2090 sea level rise projections in Reguero et al. 
(2015).  The tests were run for the 1,000-year 
tidal curve with fluvial base flow and no pluvial 
boundary. Results are discussed in section 5.12.

5.9 Model outputs 
included in this 
commission 
The following outputs have been generated and 
are supplied as part of the study: 

• Maximum predicted flood extents/outlines 
for all defined design return periods events 
(return periods of 1 in 1, 2, 5, 10, 20, 30, 50, 
100, 200, 500 and 1,000-year events) and 
climate change scenarios (1 in 10, 30 and 
100-year event).  These are also supplied for 
each of the three future scenarios.

• Hazard mapping, including flood depth, 
water level, velocity and hazard for all defined 
design return periods events and climate 
change scenarios.  These are also supplied 
for each of the three future scenarios.

During a flood event, the hazard to people 
entering or trapped in flood waters depends on 
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the depth of water, the velocity of flow and the 
presence of debris in the water.  Debris varies 
according to the nature of the catchment, with 
urban catchments being particularly prone to 
generating floating debris, from rubbish and 
building contents up to vehicles and in some 
cases even whole buildings.  

Research undertaken by the UK Government 
(Defra, 2006) identified a formula which 
quantifies flood hazard into hazardous to some, 
most or all of the population:

Hazard Rating=Depth*(Velocity+0.5)+Debris Factor

Some hydraulic modelling software supports 
calculation of this hazard rating, which 
needs to be calculated at every timestep.  
Unfortunately, HEC-RAS does not support this 
calculation, but does calculate depth*velocity 
and depth*velocity2.  The results of these two 
metrics were compared with the results using 
the UK method.  Whilst the results do differ, 
those for depth*velocity give a closer fit than 
depth*velocity2, which may under-estimate 

hazard velocities of <1m/s.  Therefore, the 
metric depth*velocity is included in the package 
of final results. Based on the hazard ratings 
used in Defra (2006), the depth*velocity value 
was applied into hazard maps as shown below:

The risk to people is also dependent upon 
factors such as the rate of onset of flooding, 
whether a flood warning is received and the 
vulnerability of people.  These aspects are 
explored in section 6.4.

Figure 5-8: Flood hazard categorization based on depth*velocity

Key

Dangerous for some Dangerous for most Dangerous for all

5.10 Model stability
The model stability across the domains has been 
assessed through two indicators listed below:

• Convergence error plots produced by  
HEC RAS. 

• Water levels as stable water levels, 
changing in accordance with flows rates 
and/or structure operation are indicative of 
a stable model.
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5.10.1 Convergence outputs

Figure 5-9 and Figure 5-10 show the 
convergence plots for both the 10-year and the 
100-year events.  The error here are reported in 
meters, so the graphs shows that these errors 
are rather small.  The rather small convergence 
errors in the model, shows a smooth inflow and 
outflows into the model.  

smooth flow and stage hydrographs which 
are consistent with a stable model.  With 
regards to long section profiles, water levels 
are shown to increase in a smooth and stable 
fashion with no isolated spikes or oscillations 
which would significantly impact reported 
water levels. Figure 5-12 shows a long section 
of the Tocumen river showing the maximum 
water levels in the 10-year and 100-year 
design events. Based on this investigation 
the model appears to be stable and to be 
performing as expected 

Figure 5-9: 10-year event convergence plot

Figure 5-10: 100-year event convergence plot

Figure 5-11: Location of cells  
20727 and 20693

Cell 20727 (upstream the bridge)

Cell 20693 (downstream the bridge)

The maximum error is found in cells 20727 
and 20693. These cells are located upstream 
and downstream of the Avenida Domingo Diaz 
bridge on the Tocumen river as can be seen in 
Figure 5-11. In the 10-year event the maximum 
error is slightly higher than in the 100-year event.

5.10.2 Water levels: long section

Water levels and flows have been checked 
throughout the hydraulic model for the 10-
year and 100-year events.  Checks show 
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5.10.3 Issues

An instance of instability in velocity is found in 
the surroundings of the Corredor Sur Highway 
bridge over the Tapia river. Figure 5-13 shows 
the hotspots of very high velocities in the 
channel and banks, at the bridge; and also, 
upstream and downstream of the bridge. The 
fluctuation in velocity in the latest is likely to be 
caused by serious changes in the channel bed 

Figure 5-12: Water levels along Tocumen river levels. The change in velocity at the bridge is 
likely to be caused by the different elevation 
in adjacent cells and water fluctuating through 
these cells.  This close change in elevation is 
caused by the representation of the bridge deck 
on the DTM.  

The variation in channel ground levels is 
influencing the depth, velocity and water levels.  
However, when potting the water levels in 
this reach, it seems that water levels are not 
disturbed by this instability and remain smooth 
as it is shown in Figure 5-14

5.10.4 Bridge hydraulic performance 

Only the Avenida Circunvalacion bridge over the 
Tagarete river surcharges in the 100-year event 
onwards. The influence of this bridge on water 
levels and flood extent in the surrounding areas 
is presented in Figure 5-15. The figure shows 
the headloss (change of water levels) across 
the bridge (black arrow). This change in water 

Figure 5-13: High velocity hotspots
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Figure 5-14: Long section at Corredor Sur Highway bridge

levels is likely to influence flood water levels 
and extents upstream of the bridge.  However, 
water headloss as flow goes through the bridge 
is small, being 0.12m in the 100-year event and 
0.17m in the 1,000-year event.  A look at the 
flood extents in the area shows that from the 
200-year event onwards, a flow path on the 
floodplain of the Tagarete river gets activated.  
This is likely to increase the risk of flooding in 
the Torre Molinos Urbanization. 

5.11 Model  
proving 
Model calibration has not been possible for 
the hydraulic model due to the absence of 
any flow gauging either in the study area, 
and unreliable gauge data in the neighboring 
Juan Diaz catchment (see section 4.5.4 of this 
report).  As a model proving approach modelled 
flood extents were compared against records 
of historical flooding and anecdotal flooding 
evidence along the Tocumen and Tapia rivers.  

This comparison is a valuable way to assess 
model performance and measure its confidence, 
particularly when no calibration is possible.  

Information about flooding along the Tocumen 
and Tapia catchments were provided by the 
World Bank in the study 1 report (Gordón, 
2019).  The report suggests that flooding is 
the hazard that records the highest number 
of deaths (8), affected people (13,021) and 
affected homes (3,209).  48 flooding events 
were registered within the Tocumen and 
Tapia basins between 1986 and 2018.  This 
account for approximately 90% all damages 
to people and properties and death of all the 
disasters recorded. Figure 5-16 shows six 
flooding hotspots (orange dots) in the Tapia and 
Tocumen rivers basins.

Together with the report, a GIS layer showing 
areas with historic flood records between the 
years 1986 and 2010 was provided.  The layer, 
however, does not hold information about the 
source of flooding, flooding event date, water 
level or return period of the event.  
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Additional anecdotal information about flooding 
issues was collected during Mission 2 (see 
Appendix B.2 for the Mission 2 report).  This 
data was collected during a workshop where the 
preliminary results for the Baseline scenario were 
presented to different organizations and members 
of the public.  Flood outlines for the 10, 30, and 
100-year return period events were placed on 
display for the audience to provide comments 
on by answering to the following question: Does 
the modelling align with your understanding and 
experience of flood risk in the catchment?  The 
participants provided feedback by filling the 

Figure 5-15: Avenida Circunvalación bridge surcharge

feedback forms and placing colored-coded sticky 
dots in the maps showing the results.  There were 
three colored-coded sticky dots: 1) Green dot - 
Yes, flooding is observed at this location; 2) Amber 
dot - No, I do not think that flooding occurs at this 
location; and 3) Red dot - No, the model does 
not predict flooding that occurs at this location.  
Although this is a valuable source of anecdotal 
flooding information, there are some limitations 
to this approach, – i.e., local communities were 
not present in this workshop and people present 
in the workshop might not live in the flood prone 
area when the flooding happened.
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Figure 5-16: Six flooding hotspots in the Tapia and Tocumen rivers basins

Source: Gordón (2019).
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area of the model uses MDTPan which has been 
already described as a low confidence dataset.  
Additionally, the year when the polygon was 
drawn, and which flooding event is representing 
is not specified in the historical dataset.  The 
flooding could have happened before the current 
banks were built.  Another possible reason is the 
storm duration used in the model.  A 3hr storm 
is being used as the critical storm duration.  
This duration was deemed appropriate as a 
catchment wide critical duration, as it produced 
a larger flood extent in the urban areas of the 
lower catchment.  The upper catchment is rather 
steep, and water could flow downstream quickly.  

The historical flooding record south of the 
Tagarete that is not being completely covered 
by the model results appears to follow the 
roads.  Given the urban location, it is possible 
that flooding here was exacerbated by blockage 
in the drainage system, however no information 
to confirm this is available.  Nevertheless, the 
model is showing 50% of the historical record 
polygon at significant hazard of flooding. 

Two other red points, indicating that the model 
is under-predicting flooding, are also present 
in the upper half of the model: One south of 
the confluence; and another south of the Via 
Tocumen.  The model suggests that these areas 
present flooding in the 1,000-year event which 
was not presented in Mission 2.  If the model is 
under-predicting the flood extents in this area, 
it is likely to be due to the poor quality of the 
underlying DTM (the MDTPan).  

Figure 5-18 shows the comparison of the model 
results against historical flooding data in the 
southern section of the study.  In this area of the 
model there are only two historical records.  Both 
hazard areas are also replicated by the model 
results.  In this section of the catchment there 
are however a few yellow feedback points.  The 
yellow points represent areas were the model was 
considered to be overestimating flood hazard.  
Some of the yellow points, particularly the ones 

Verification of model results against historic and 
anecdotal flooding evidence Figure 5-17 shows 
the comparison of the model results against 
historical flooding data and anecdotal data in 
the northern section of the study area.  It shows 
that the model appears to replicate the historical 
records collected from 1986 to 2010 (light 
orange polygons) well.  The exception is some 
of the area on the east of the Tocumen river 
within the large orange polygon; and the area at 
the downstream end of the Tagarete river.

The historical record east of the Tocumen river 
coincide with the two red feedback points where 
stakeholders suggested that the model was 
under-predicting flooding.  Some of the reasons 
to explain this could be the DTM dataset used to 
represent the topography in the 2D model.  This 

Figure 5-17: Comparison of model results 
against historical data and anecdotal data – 
Northern area
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Figure 5-18: Comparison of model results 
against historical data and anecdotal  
data – Southern area

located along the river and on the floodplain left 
of the Tapia river, could be caused by lack of flow 
path to convey flood water towards the river, 
allowing it to pond and thus overestimate the 
hazard.  The yellow points in the middle of Don 
Bosco north of Corredor Sur Highway are likely to 
be overestimating surface water flooding.  Due to 
the model approach any drainage present within 
model extent has not been explicitly represented 
and surface water need to follow the topography 
in order to be clear up.  Surface water flooding in 
this area is also exacerbated by the poor quality 
of the MDTPan which shows low areas and drains 
that might have been modified after urbanization.   
Nevertheless, surface water appears to be using 
the roads to convey water towards the south way 
of the urban area, and through the flow paths 
created through Corredor Sur Highway, however 
this might not be happening as rapidly as expected.  

5.11.1 Verification of model results 
against previous model study

Figure 5-19 shows a comparison between the 
baseline model results for the 100-year event, 
against the 100-year event produced by a 
previous flood hazard and risk study prepared 
by IH Cantabria in the context of the Emerging 
and Sustainable Cities Initiative (ESCI) of the 
IDB (IDB, 2016).  Although both studies have 
used different hydrological methods and 
different hydrodynamic modelling software, the 
results show that the main differences between 
the two model results are in the areas where 
different sources of ground levels were used.  
In the IDB ESCI (2016) study, IH Cantabria 
used MDTPan for their entire model.  The areas 
highlighted in red circles, areas where a different 
source of topography data was used: circle 

Figure 5-19: Comparison of the 100-year 
event extent against the 100-year event of 
the 2016 IDB study
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A,B and D highlight areas where cross section 
and topographic survey replaced the MDTPan; 
circle C highlights the areas where LiDAR data 
was available.  Within the airport (circle C), flood 
extents in this study’s model are also likely to 
be less extensive than those of the IDB study 
because of the specific assumptions made 
about the capacity of airport drainage systems  
In this study (section 4.6), it was assumed that 
the airport drainage has capacity to effectively 
drain rainfall intensities of up to 64mm/hour, 
equivalent to the 1 in 10-year, one-hour rainfall 
depth.  Although it is not stated in the IDB ESCI 
report whether any specific considerations 
were made in that model regarding the airport 
drainage, it is likely that the airport was 
modelled in a similar way to other urban areas.

5.12 Model  
Sensitivity testing
Confidence in the predictions made by 
hydraulic models is increased through 
verification against historical data.  In addition, 
it is particularly important to test the sensitivity 
of models to the chosen parameters, especially 
where no calibration is possible, to understand 
the uncertainty associated with the choice 
of model parameters and inputs, and the 
significance of this on model results. 

5.12.1 Sensitivity to flow 

Model sensitivity to flow was investigated by 
adjusting the model flow by ±20%.  The change 
in water levels was calculated by comparing the 
100-year event baseline water levels against the 
water levels of the sensitivity to flow scenarios.  
The comparison results show that on average 
there is a decrease of 0.29mAD (meters above 
datum or above sea-level) on peak water levels 
when the flow is decreased by 20%; and an 
increase of 0.28mAD when the flow is increased 
by 20% in the entire 2D domains.

Figure 5-21 shows the areas where there are 
some changes in flood extent as a result of 
adjusting the flow by ±20% in the 100-year 
event.  Results show that the modelled flood 
extent appears to be sensitive to adjustments in 
flow. The areas where the flood extent appears 
to be sensitive to flow are:

• Floodplain on the left (16 de Diciembre 
Urbanization) and right bank (Urbanization 
Villas de Santa Barbara) of the Tocumen 
river, upstream of the sharp bend 500m 
downstream of the Pan-American Highway

• Floodplain on the right of the Tagarete river 
(Torre Molinos Urbanization), upstream its 
confluence with the Tocumen river. 

• Floodplain on the left of the Tocumen River, 
on the sharp bend downstream of the Via 
Tocumen road bridge.  In this area, flooding 
risk appears to affect the Tocumen Airport. 

• Floodplain on the right of the Tapia river 
– Urbanizations Colinas del Prado, Los 
Caobos and Bello Horizonte. 

• Floodplain on the right of the Tocumen River 
and Tapia river downstream their confluence. 

5.12.2 Sensitivity to sea-level rise

Model sensitivity to sea-level rise was 
investigated by adjusting the tidal curve used as 
downstream boundary.  Using a fluvial base flow 
and no pluvial boundary, the tidal 1,000-year 
tidal curve was raised by 0.313m and 0.706m 
representing the sea level rise projections for the 
2050 and 2090 years in Reguero et al. (2015).  

The comparison results show that there is a 
significant increase in tidal flooding extents 
associated with the choice of future sea-
level rise.  Whilst the study continued to use 
the 2050 sea level rise boundary (because 
the study objective was to test scenarios for 
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2050), this test indicates that further rises in 
sea-level beyond 2050 could have significant 
consequences, in particular for drainage of low-
lying developments.

5.13 Hydraulic 
model assumptions, 
limitations, and 
uncertainty
During any hydraulic modelling study, there will 
always be associated limitations, for example 
with uncertainty, data availability and so on.  
The representation of any complex system by 
a model requires several assumptions to be 
made.  In the case of the hydraulic model it has 
been assumed that: 

• Cross sections and the continuous surface 
grid produced with them accurately 

Figure 5-21: Change in flood extent in the 
1,000-year tidal event after adjusting it to a 
2050 and 2090 sea levels rise projection

Figure 5-20: Change in flood extent  
when adjusting the flow by ±20%

Figure 5-21 shows the change in flood extent 
in the sensitivity to downstream boundary 
scenarios. In terms of flood extent, using the 
prediction for 2050 and 2090, flood extent 
appears to increase consistently with the change 
in sea level rise and model peak water level.  
Using a 2050 projection, flood extent appears 
to increase in area south of the confluence of 
the Tapia and Tocumen rivers. It also appears to 
have an effect on the urbanization north of the 
Corredor Sur Highway.   In the case of the 2090 
projection, the effect of the sea levels rise can be 
seen in the floodplain on the west of the Tocumen 
river – in the areas known as El Pantanal- north of 
the confluence of the Tapia and Tocumen rivers.
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represent the shape and variation of the river 
and accurately reflects bank heights 

• The composite DTM provides an adequate 
representation of the floodplain levels; and 
particularly that the filtered LIDAR, MDTPan 
and SRTM have appropriately removed the 
influence of vegetation

• Model parameters have been determined 
appropriately 

• Design flows are an accurate representation 
of flows of a given return period 

• The surveyed cross-sections of hydraulic 
structures and the units and dimensions 
used to represent them in the model provide 
an adequate representation of the situation 

• The bank heights have been effectively 
represented from the cross sections, the 
LiDAR, and the manual modifications on the 
composite DTM 

• Assumptions about the urban drainage 
within the study area made in the 
hydrological boundary of the model provide 
an adequate representation of the current 
situation and future scenarios

The primary uncertainty within the model is the 
data with which the model is built, such as the 
channel survey used to represent the channel and 
the DTM data used to represent the floodplain.  

A new channel survey was made available to 
build the model.  The majority of the supplied 
survey were found accurate and consistent as a 
product.  Surveyed cross sections were located 
approximately every 100m.  Although this 
distance is reasonably detailed for a 2D model, 
cross sections are discrete data, and significant 
channel constrictions or contractions are not 
always represented in the cross sections, 
which potentially increase the uncertainties in 

the model.  Cross section elevation was used 
to create a continuous surface representing 
the shape and variation of the river.  In areas 
were no LiDAR was available, the banks in the 
2D model were also represented by surface 
produced from the cross sections data.   
Interpolate sections produced by HEC RAS 
were added in sharp bends and close to the 
confluences between the rivers.  

The composite DTM used to set the base 
topography in the 2D model domain is a source 
of model uncertainty.  LiDAR data was available; 
however, it did not cover all the model extent.  
The LIDAR data used within this study was 
collected in 2018 and was provided as a 1m 
spatial resolution DTM (surface filtered to remove 
the presence of buildings and vegetation).  
This subsequently allows for a more accurate 
definition of the topography within the study area 
and therefore increases model confidence.  The 
floodplain surrounding the Tapia, the Tagarete 
and the upstream section of the Tocumen, river, 
are not covered by this detailed LiDAR.  The 
MDTPan and SRTM datasets were instead used 
to represent the floodplain in these sections 
of the model.  These areas where no LiDAR or 
topography survey was available have a much 
greater level of uncertainty. Figure 5-4 shows the 
coverage of the different DTM sources. In term 
of uncertainty, it is assumed that areas were 
LiDAR and survey XS (channel) exists, are zones 
of a medium levels of uncertainty, whereas the 
rest of the areas (covered by MDTPan, SRTM, 
and Topographic Surveyed through roads) will 
have a high level of uncertainty.

In terms of model building, in this study, 2D 
HEC RAS model was developed covering the 
Tocumen river and its tributaries Tapia and 
Tagarete.  This schematization allows a detailed 
representation flow paths across the floodplain 
to be defined within the 2D model HEC RAS 
domain. The 2D approach was considered 
suitable given the projects objective, the lack 
of small structures and culverted sections of 
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the modelled rivers, and the representation 
of different pluvial runoff profiles for the 
representations of future scenarios.  Although 
the 2D approach does not allow for a detailed 
representation of structure capacity to be defined 
as it could be done in a 1D-2D approach, HEC 
RAS does allow for a detailed representation of 
the channel as the channel surveyed was used to 
produce the continuous 2D channel levels. 

Additionally, there is uncertainty associated 
with general modelling assumptions relating 
to the selection of various parameters within 
the model, for example, the roughness values 
used within the model, representation of certain 
structures and their coefficients.  A series of 
sensitivity test were undertaken to understand 
any uncertainties associated with the choice of 
parameters and their impact upon model results.

In terms of uncertainties associated with the 
hydrology, the key assumptions applicable to 
the flow estimation include the design peak 
flow and the design storm profile and duration.  
Although best use of available regional data 
has been made, lack of local flow gauging 
data increases the uncertainty associated with 
the estimates.  A sensitivity to flow test was 
undertaken to account for the uncertainties 
associated with the hydrology.

Surface water was also included in the modelling 
and is a high source of uncertainties in terms 
of flood model extent. Precipitation is applied 
equally to all the cells within the 2D flow 
area.  The model has a total of 13 different 2D 
flow areas.  The water will drain away from 
the cell following the topography.  Therefore, 
the accuracy of the topography will influence 
enormously the pluvial extent. In order to 
improve the hydrological correctness of the DTM 
some flow paths were represented on the DTM 
by “cutting” through the DTM. Any structure 
that was not along the modelled rivers, was not 
represented on the Model as their capacity and 
dimensions were not available.  On the DTM 

these structures would have been represented 
by the deck levels. The opening of any structures 
would not have been represented on DTM and 
therefore, water would not flow through and 
would pond upstream of the structure. In order to 
allow water flowing through as it would be doing 
in reality, cuts on the DTM were applied. After 
analyzing satellite imagery, assumptions where 
made about the width of flow paths. A mean 
elevation level between the two sides of the flow 
path was taken and a raster produced with the 
adequate value. Then they were stampeded on 
the DTM. Given the flood hazard assessment 
aim of the study, these “cuts through the DTM” 
would improve the model outputs with regard to 
flood hazard. Figure 5-22 shows the cuts through 
the DTM, applied in order to create flow path – 
culverts in many cases – beneath embankments 
and highways and avoid surface water ponding 
upstream these structures

Figure 5-22: Cuts through the composite DTM
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Additionally, it is important to understand 
that the model is not representing a detailed 
drainage system and its capacity for dealing 
with rainfall runoff throughout the model extent.  
Although assumptions have been made about 
the percentage of rainfall runoff used in each 
2D flow area with different land use  (See Table 
4-10), to account for the drainage system and 
infiltration, the actual drainage capacity and its 
influence on flood hazard could only be properly 
understood using detailed integrated urban 
drainage model.  In the case of the Airport, 
it was assumed a high standard of drainage 
system able to effectively drain the buildings, 
runways and other impermeable surfaces in a 1 
in 10-year, one-hour event (see Table 4-10).

5.14 Hydraulic model 
conclusions and 
recommendations
5.14.1 Study objectives

The primary aim of the project is to improve 
the understanding of fluvial flood risk and 
floodplain flow paths in the Tocumen river 
and its tributaries, the Tapia and the Tagarete 
rivers.  In order to assess the flood hazards 
and risks, a new 2D hydraulic model was 
prepared, based on the most up to date 
available information at the time of the 
commission.  The resulting model outputs are 
considered to be suitable for catchment-scale 
assessments of flood hazard and risk, and the 
model suitable for adaptation to test future 
scenarios for land use management, again at 
the catchment scale.  

A full suite of eleven design events has been 
undertaken, as well as sensitivity runs.

The alternative three future scenarios as well 
as climate change scenarios are presented and 
explained in section 9 of this report.

5.14.2 Recommendations and further work

Recommendations following this study are:

• Following any future flood events, further 
verification of the hydraulic model inputs and 
outputs should be completed, which could 
include an assessment of the hydrological 
inputs and subsequent model predictions in 
terms of flows, levels and extents predicted 
by the hydraulic model

• Adaptation of the model to be used with a 
more accurate and up to date DTM covering 
the entire 2D flow areas 

• It is recommended that further work 
could be conducted into investigating the 
surface water interaction with the modelled 
watercourse particularly within the urban 
areas.  Modelled hazard and risk from 
surface water may change significantly if 
the drainage capacity of the urban areas is 
modelled in detail.  

• It is recommended that further work could 
be conducted assessing the drainage of the 
existing airport, and proposed expansion 
of the airport including a new runway.  The 
proposed new runway will be located 
outside the model domain and therefore 
it has not been represented in the model.  
However, given its the location, proximity 
to the Ramsar convention site, size, and 
probably changes to ground levels, it could 
affect flooding within the study area.
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BASELINE 
FLOOD HAZARD 
AND RISK 
ASSESSMENT
6.1 Hazard 
assessment
This section provides details of the model 
results of flood hazard from the baseline runs, 
considering the sources and pathways of 
flooding. 

Flooding in the study area could occur 
throughout the Tapia and Tocumen basins from 
a variety of sources including fluvial, surface 
water and/or surcharging of the extensive 
combined sewer system, and tidal factor.

Due to the topography of the upper catchments, 
it is likely that flooding in the upper sections 
of the model would be caused by runoff from 
the steep areas towards to lower areas of the 
catchment.  Fluvial flooding will occur when the 
capacity of the river channel is exceeded.  

Due to the significant urban coverage south of 
the Tapia river and both sides of the Tagarete 
river, roads generally are shown conveying 
flood water over the surface.  This will off 
course depend on how well the roads were 
represented in the model topography.  In these 
areas results show some locations where 
surface water tends to pond throughout the 
entire rainfall event.  It should be noted that 
the urban drainage systems have not been 
explicitly represented, rather their capacity has 
been estimated through the hydrology (See 
section 4.6 of this report).  

In the southern areas of the model, the catchment 
is extremely flat, especially south of the confluence 
of the Tapia and Tocumen rivers, prompting deep 
and vast flooding.  This area is naturally covered by 
mangrove forest and has a strong tidal influence. 

Design runs of the model have been carried out 
for eleven return periods from 1 in 1 to 1,000-
year events for the 3hr storm duration event.  
The results are consistent spatially with the 
flood extents for the more extreme events being 
larger than for the more frequent events

Table 6-1 shows the key observations made 
from analysis of the baseline model results on 
the study area along the Tocumen river; Table 
6-2 shows the key observations made along 
the Tagarete river; and Table 6-3 shows the 
key observations along the Tapia river.  For this 
section, figures focus on model results for the 
10, 100 and 1,000-year events.

6.1.1 River Tocumen

Flood extent shown in light blue is the 10-year 
event; in dark blue is the 100-year event; and 
in purple is the 1,000-year event.  Additionally, 
images of velocity and velocity tracing 
features are being displayed in order to help 
understanding the flooding mechanism and 
source of flooding.
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Table 6-1: Key observations on flood hazard along the Tocumen river

Description Location

Model results show residential areas on the floodplain left of the 
Tocumen river and south of the Pan-American Highway at risk of 
flooding from the Tocumen river itself but also its small tributary 
joining from the north. Affected houses are from the urbanizations 
Victoriano Lorenzo, 16 de Diciembre, and new urbanization with 
unknown name adjacent to the Pan-American Highway.  The 
houses   appear to have encroached very close to the small 
tributary and therefore flooding starts in the very frequent events. 

The inside of one of the Tocumen river meanders is shown to 
be at risk of flooding areas of the urbanization Villas de Santa 
Barbara.

There is a small flow path that joins the river from the east and 
houses along this flow path (including Calle Jesus Vasquez) area 
likely to be affected by flooding in large events. 

Additionally, on this side of the river but south of the meander, 
houses between the river and Calle Yuri Gagarin are likely to be at 
risk of flooding in the very frequent events.

The inside of the Tocumen river meander within the urbanizations 
Nuevo Belén and Villas de Santa Barbara.  Houses located inside 
of the meander appear to be at risk of flooding for surface water 
from the 20-year event onwards.  From the 50-year event, a whole 
flow path is activated with fluvial flood water bypassing the main 
channel. 

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 1,000-year event and velocity grid

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 1,000-year event and velocity grid

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 100-year event and velocity grid

a)

a)

a)

b)

b)

b)
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Areas of the urbanization Nueva Esperanza on the floodplain left 
of the Tocumen river, between the Tocumen river and a small 
stream joining from a north-east direction.  Flooding here appears 
to be exacerbated by surface water in small events.  Flood water 
depths close to the small stream are likely to reach over 1m in the 
1,000-year event.  In the 1,000-year event, the entire area is likely 
to be at risk of flooding with water activating an entire flow path 
between the two rivers. 

The urbanization El Pantanal on the floodplain located east of the 
confluence between the Tocumen and Tagarete rivers and west of 
airport facilities.  This area is likely to be affected by flooding in very 
small frequent events, from the 1 in 1-year event onwards.  Results 
show flood water depths reaching 0.50m in the 10-year event and 
over 1m in the 1,000-year event. 

Part of urbanization Torre Molinos located on the floodplain on 
the west of the Tocumen river and south of the confluence of the 
Tocumen and Tagarete rivers.  The affected area appears to be 
an industrial estate, with car parks and warehouses. Flood hazard 
appears to be from surface water in smaller events however some 
sections are a combination from fluvial flooding which increases 
in the larger events.  The 1,000-year event covers over 50% of the 
industrial estate.  

a) Flood extent in the 1 in 10-year, 100-year and 1,000-year events 
 
b) 1,000-year event and velocity grid

Flood extent 1 in 10-year, 100-year and 1,000-year events

Flood extent 1 in 10-year, 100-year and 1,000-year events

a) b)

Description Location
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In the 500-year and 1,000-year design events water from 
the Tocumen river start spilling to its floodplain on the east 
approximately 250m downstream of the Avenida Domingo Diaz 
bridge. In these events the Airport facilities close to this part of 
the floodplain are likely to be at risk of flooding. Mean flood depth 
within the airport could reach 0.50m and 0.6m in the 500-year and 
1,000-year flood events respectively. 

Floodplain on the west of the Tocumen river and north of the 
Tapia river is likely to flood in very small and frequent events. 
Water start spilling from the Tocumen river to the floodplain even 
in the 1 in 1-year event.  The connection of the Tocumen with this 
area of the floodplain known as El Pantanal, is very important. 
This area is working as a natural storage area and help relief in-
channel water flow and energy.  

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 100-year event and velocity grid

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 10-year event velocity grid after 2 hours of simulation time

a)

a)

b)

b)

Description Location
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Table 6-2: Key observations on flood hazard along the Tagarete river

6.1.2 River Tagarete 

Model results along the Tagarete river shows the area between 
the Tagarete river and a small stream coming from a northerly 
direction has a hazard of flooding. The affected area lies within the 
urbanization Jorge Illueca.  Houses south of the small stream are 
likely to be at risk of flooding from the Tagarete but also from the 
small stream.  Mean flood water depths in the area are likely to 
reach the 0.6m in the 10-year event. 

Model results show flooding on the floodplain right of the 
Tagarete river involving the urbanizations Puerta del Este and 
Torre Molinos.  Flooding from surface water appears to be an 
issue in these urbanizations.  Houses along Avenida Principal 
in Puerta del Este, appears to be at risk of surface water 
flooding even in the very small events.  Flood water in the 10-
year event shows depths of just under 1m in this area.  The 
high depth is likely to cause by topography as surface water 
ponds in Avenida Principal rather than continuing on towards 
to river. 

In the 500 and 1,000-year event water from the Tagarete 
start spilling to its floodplain on the right, urbanization Torre 
Molinos.  The 1,000-year event show mean flood water depths 
in this area of 0.5m and closer to the confluence with the 
Tocumen river they can reach 1m depth.

 

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 10-year event velocity grid after 2hours of simulation time

a) Flood extent 1 in 10-year, 100-year and 1,000-year events 
 
b) 1,000-year event velocity grid

a)

a)

b)

b)

Description Location
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Table 6-3: Key observations on flood hazard along the Tapia river

6.1.3 River Tapia

Model results show flooding of the floodplain on the right bank of 
the Tapia river, covering urbanizations Villa Catalina, Colinas del 
Prado, Los Cabos y Bello Horizonte, listed from north to south.  
Flood risk in this area appears to be a combination of surface and 
fluvial flooding.  Houses along Calle Suay (Villa Catalina) and the 
grassland area adjacent to the river are likely to be at risk of flooding 
from small, frequent events.  Flood depths in the 2-year event 
appears to reach 0.5m in this area. 

In the urbanization Colinas del Prado, flood water appears to be 
confined to the areas along the river. Houses along the river in this 
urbanization are likely to be at risk of flooding in small and frequent 
events. Mean flood water depths of 0.25m can be experienced in 
the 10-year event. 

Flooding in urbanization Los Caobos is also likely to happen 
frequently.  Houses along Calle Honolulu and Hawaii, close to the 
Parque Recreativo Los Caobos could experience flood depths of 
over 0.5m in a 2-year event. 

In urbanization Bello Horizonte, the risk of flooding is confined to 
the areas closest to the river and in particular the houses inside of 
the Tapia river meander.  Flood risk is apparent in even small events 
with mean flood water depths of 0.4m in the 2-year event. 

Model results show that the established urban area north of 
Corredor Sur Highway is likely to be at risk of surface water 
flooding. 

Water star ponding in the very frequent events in particular in the 
urbanizations Las Acacias, Altos de Plaza Tocumen, Los Robles 
Sur, Villas de Andalucía and Don Bosco. 

Flood water appears to be conveyed by a few open drains and 
some roads within these urbanizations.  Although some of the water 
is conveyed out of the urban area using the flow paths beneath 
Corredor Sur Highway, some appears to pond, no moving and just 
increasing on depths. 

a) Flood extent 1 in 10-year, 100-year and 1,000-year events

a) Flood extent in the 10, 100 and 1,000-year events

b) 100-year event velocity grid

6.1.4 Standard of protection

No formal flood defences have been identified 
on the modelled watercourses, however there 
are bridge structures, engineered channels and 
some raised banks.  Consideration is given here 

as to the Standard of Protection (SoP) offered 
by these structures:

• Whilst there are sections of raised bank 
(for example the right bank of the Tocumen 
south of the airport spur road), these do 

Description Location
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not appear to have been constructed with 
sufficient linear consistency to be treated 
as formal defences.  All such raised banks 
in the catchment are liable to be either by-
passed or overtopped by flood waters, 
according to the model results.  

• The realigned channel of the Tocumen 
around the airport was designed to convey 
the 1 in 100-year flow (Lay U, 2019), and 
the model results indicate that the channel 
currently meets this SoP.  

• Bridges over major rivers are designed to 
pass the 1 in 100-year flood, with 1.8m 
of freeboard (see section 6.4.3).  Model 
results indicate that only the Avenida 
Circunvalación bridge over the Tagarate is 
predicted by the model to surcharge and 
lead to flooding in the 1 in 100-year event 
(see section 5.10.4).

6.2 Risk assessment 
methodology
6.2.1 Software

The risk assessment was undertaken using 
JBA’s Flood Risk Metrics (FRISM) software, 
which is designed to assess economic damages 
and risk to life from flood hazard data to a 
database of exposure (receptors).   FRiSM uses 
ArcGIS as its GIS engine.  The user needs to 
supply the following data in order to calculate 
flood damages using FRISM:

• Flood hazard data – e.g. flood depth grids.

• Exposure data – e.g. the locations of 
buildings, infrastructure or other receptors of 
interest.

• •Vulnerability functions which relate 
the flood hazard, normally the depth, to 

damages as a result of flooding for the 
receptors being assessed.  

6.2.2 Flood hazard data

Flood hazard data analyzed was in the form of 
depth and water-level grids from the HEC-RAS 
model.  Tests were undertaken using both depth 
and water-level, which indicated that depth gave 
a more reliable assessment of flood damages.

6.2.3 Vulnerability functions

Vulnerability functions express the relationship 
between an “intensity” of hazard in a particular 
location, and the damages that might be 
expected to occur to buildings and people as 
a result.  This relationship can vary significantly 
within and between cities and countries as a 
result of many factors including building materials 
and standards of construction, the availability 
of flood warning services and the preparedness 
of people to prepare for and respond to 
flood events. The availability of vulnerability 
data suitable for application in Panama was 
discussed with the Municipality and the World 
Bank during Mission 1 (see Appendix B.1 for 
the Mission 1 report).  The Central American 
Probabilistic Risk Assessment (CAPRA, 2019) 
project commenced in 2008, with the objective of 
strengthening institutional capacity in assessing 
and communicating disaster risks.  One output of 
this work is the CAPRA database of vulnerability 
functions available within the ERN-Vulnerabilidad 
tool, which contains a suite of vulnerability 
functions for a wide range of environmental 
hazards, including flooding, and for a range of 
building types, including construction types and 
standards similar to those found in Panama.  
Vulnerability functions from ERN-Vulnerabilidad 
were matched as closely as possible to building 
types used in the URC database, as shown 
below in Table 6-4. Photographic examples of 
the URC construction quality types are shown 
in Figure 6-1. Further details are provided in 
Appendix F. 
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Physical and human vulnerability functions for 
a single-floor brick or blockwork building are 
illustrated in Figure 6-1. Consorcio Evaluación 
de Riesgos Naturales (ERN)- América Latina 
(undated) documents how the curves were 
developed.  For physical vulnerability, the 
structural and contents damages from 
flooding to various types of buildings including 
residential, warehouses, hotels and offices 
were collated, but the final results were based 
on single-story houses, and then adapted for 
use in buildings of 2 or more floors.  Whilst 
the resulting curves distributed with the ERN-
Vulnerabilidad software are not stated to be 
solely for residential buildings, their use of 
building floors of 2.8m in height indicates that 
they are most appropriate for residential, and 
may not give accurate results for buildings such 
as warehouses and hotels where ceiling heights 
are typically much greater than 2.8m.  

The ERN curves consider only flood depth, 
not velocity, as their intensity parameter.  The 
vulnerability of buildings, particularly those 
of poorer standards of construction, is likely 

to be increased where high velocity flows are 
encountered.  

These issues are acknowledged as limitations 
of the ERN vulnerability curves for application in 
this study, however these were considered to be 
the most appropriate curves available, having 
been developed using data from Latin America. 

For human vulnerability, ERN (undated) states 
that no information was found relating to human 
vulnerability due to flooding, and that empirical 
curves were generated based on estimates 
of victims of flooding in recent events.  The 
damage curves for physical losses appear 
to be sensible, however the curve for human 
impact (deaths) is not intuitive, because the 
percentage of people predicted to die flattens 
off at 0.7m, whereas we would expect deaths to 
rise with greater depths.  Possibly this relates to 
limitations in the source data used to generate 
the human impact curves.  

NIWA (2010) reviewed studies from eight 
developed countries to assist development 

Table 6-4: Mapping vulnerability functions in ERN-Vulnerabilidad  
to building types identified in the URC asset database 

Vulnerability 
Function 
(ERN)

Construction 
quality (URC)

Building 
condition 
(URC)

Vulnerability 
analysis (URC)

Number 
of floors 
(URC)

M1 – Masonry buildings, 
single floor

M2 - Masonry buildings, 
2 floors

W1 – Wooden buildings, 
single floor

W2 – Wooden 
buildings, 2 floors

T1 – Earth buildings, 
single floor

T2 – Earth buildings,  
2 floors

High, Medium 
High, Medium 

High, Medium 
High, Medium 

Medium Low

Medium Low

Low

Low

Formal

Formal

Consolidated 
Informal 

Consolidated 
Informal 

Informal, not 
consolidated

Informal, not 
consolidated

Group 4 and 5

Group 4 and 5

Group 2 and 3

Group 2 and 3

Group 1

Group 1

1 

> 1 

1 

2

1 

2 P  
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Figure 6-1: Photo illustrations of URC construction quality types

All photos © URC, 2019.

Low

Medium-High

Medium-Low

High

Medium

of fragility curves for New Zealand.  It notes 
that there are few studies providing accurate 
information about deaths and injuries as a result 
of flooding, and references Legome et. al. (1995) 
which found that 40%-50% of drownings due 
to flooding were vehicle related, so the location 
of such incidents may not relate to the locations 
of buildings.  The New Zealand approach 
used a combination of depth*velocity, building 
vulnerability and mitigation to assess risk to life.

In the absence of reliable human vulnerability 
curves, it was decided to base the assessment 
of human impacts on a simple calculation of the 
number of people directly impacted by flooding 
of their homes, and on the mapping of flood 
hazard as described in section 5.9.  The latter 
is based on the calculation of depth * velocity.  
This mapping can also be indicative of locations 
where the combinations of depth and velocity 
can increase damage to buildings.  

Figure 6-2: Example of vulnerability  
functions for flooding to a single-story  
brick building
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6.2.4 Exposure data

Buildings and Population

The Urban Risk Center (URC), part of the 
Florida State University (FSU) in Panama, were 
commissioned by the World Bank to prepare 
a database of assets and buildings within the 
Tocumen / Tapia catchment (Urban Risk Center, 
2019).  The study used a mixture of official data, 
other studies, remote sensing and ground-
truthing.  The database contains key attributes 
for undertaking the analysis of exposure and 
vulnerability, including, for each building:

• Population

• Where residential, single or multi-family 
residencesWhere non-residential, various 
types of use are identified including some 
critical infrastructure, for example hospitals 
and schools.

• Number of floors

• Wall and roof material

• Building type including whether formal (to 
building standards) or informal.

• Whether the building is served by pluvial 
drainage ditches

• Costs to rebuild

During preliminary tests of the risk assessment 
methodology, one group of buildings, recorded 
as a single building entity belonging to the 
University of Panama (Facultad de Ciencias 
Agropecuarias) was highlighted as having 
extremely high damages even in a 1 in 1-year 
event, where it accounted for 50% of all 
damages.  This cluster of buildings was visually 
checked, and part of one building is shown 
as being partially located in the channel of 
the Tocumen.  This is clearly not the case and 

isn’t visible on recent aerial photography.  It is 
likely that this building was demolished when 
the river was diverted to facilitate expansion 
of the airport.  From an inspection of the aerial 
imagery, it was considered that this cluster of 
structures does not appear to be habitable 
buildings or workplaces, and consequently their 
value is probably over-estimated.  This cluster 
of buildings was, therefore, discounted from the 
risk assessment.

Figure 6-3: Example of exposure data  
from URC database

Buildings

Commercial and Services 
 
Education 
 
Industry 
 
Institutions 
 
Others 
 
Recreational / Cultural 
 
Health 
 
Public Service 
 
Residential
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Building contents

The cost to rebuild values identified by URC 
exclude the value of household contents.  
The Central American Probabilistic Risk 
Assessment (CAPRA, 2019) vulnerability 
functions were based on the relationship 
between water depth and damages to both 
buildings and contents, but these are not 
separately reported (Consorcio Evaluación de 
Riesgos Naturales - América Latina, undated).  
The value of domestic building content 
damage has been based on the UK’s Multi-
Coloured Manual (Flood Hazard Research 
Centre, 2010), which analyzed flood damages 
and insurance claims in the UK.  This found 
that, for floods of very low depths (below 
0.1m), contents damages exceed damages 
to the building fabric, but above this depth 
the rate of increased damages is less than for 
building fabric.  Above 1.8m depths there is 
estimated to be no further increase in damages 
(Figure 6-4).

It is acknowledged that this is a study based 
only on UK data, and that significant differences 
may be expected between the value and type of 
building contents when compared to Panama, for 
example the use of fitted carpets, which are easily 
damaged by flood waters, is prevalent in the UK, 
whereas tiled floors are more prevalent in Panama.  
To avoid over-counting damages, it was assumed 
that there are no contents damages below 0.1m.  
A ratio of building contents (inventory) to building 
fabric damages was calculated and applied to the 
Panama data in order to calculate flood damages 
to contents (Table 6-5). 

Assessing the damage to contents of non-
residential buildings is more problematic, due to 
the wide variety of building uses, and even within 
buildings of the same purpose.  For example, a 
flooded warehouse could be storing low-value 
foodstuffs or high value electrical equipment.  
Contents damages have not, therefore, been 
allowed for non-residential buildings.  

Water Depth 
(m)

Ratio of inventory damages from 
building damages (Inventory 
Damages ($) / Fabric Damages ($))

0.1 0

0.9 0.71

2.7 0.43

0.2 0.93

1.2 0.64

3 0.40

0.3 0.77

2.1 0.54

1.5 0.59

0.6 0.72

2.4 0.50

1.8 0.59

Transport infrastructure

The data collated by URC included layers of 
all roads, with an “order” field denoting relative 
importance, and layers of the Metro Linea No. 
2 and its stations.  These were used to analyze 
flood risks to the transportation systems.

Table 6-5: Ratio of inventory (contents) 
damages to building fabric damages

Figure 6-4: Comparison of building fabric  
and household inventory damages, UK
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Critical infrastructure

Critical infrastructure was analyzed using a 
combination of data sources collected by URC, 
Carlos Gordon and Mazzanti, including:

• Educational facilities

• Hospitals and health facilities

• Water and wastewater infrastructure  

• Electrical sub-stations

Notable omissions from this data set include: 

• Communications infrastructure 

• Security and emergency services infrastructure 
(police, fire, ambulance and military).

6.2.5 Flood risk metrics

Table 6-6 describes the flood risk metrics 
that were calculated as part of this study, and 
identifies metrics which are out of scope for this 
project, but which could be calculated by third 
parties, given sufficient data, post-project.

Table 6-6: Flood risk metrics to be calculated

Form of 
damage

Damage Tangible / Intangible Unit of measurement to be 
calculated as part of this study

Direct

Indirect

Physical 
(Buildings) 

Contents 

Infrastructure

Loss of life

Health effects

Loss of industrial 
production

Transport 
disruption

Tangible

Tangible

Tangible, but insufficient data to 
estimate cost to some asset types.

Intangible

Intangible

Tangible

Tangible, but insufficient data to 
estimate cost in Panama

Number of buildings by type / class 
Present Value Damages ($)

Present Value Damages ($)

List of electricity, water, wastewater and key 
transport infrastructure, health centers, community 
facilities and schools at risk of flooding

Estimated loss of life per return period

Out of scope

Loss of ecological 
goods

Intangible List of environmentally protected areas, green/
natural spaces and parks at risk of flooding

Out of scope

List of key transport routes at risk of flooding

Emergency costs Tangible Fuera de alcance

Vulnerability of 
survivors

Intangible Analysis and mapping of risk by building 
quality from URC data (as an indicator of 
socio-economic class).  



112

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

FRiSM provides risk metrics for each receptor 
as well as summary metrics for the study 
area and for user-defined sub-areas.  Results 
were calculated for the two sub-catchments – 
Tocumen and Tapia.  

Calculations were carried out using a “detailed 
count” method, which utilized the building 
footprints in the URC exposure data.  A building 
was counted as flooded if its building footprint 
is intersected by the flood outline. This is more 
accurate than methods which use building 
points to assess risk (the “simple count” 
method), as is illustrated in Figure 6-5.

Within each flooded building, the mean, 
maximum and minimum flood depth was 
calculated, based on changes in ground level 
and water depth across the building.  These can 
vary significantly across large buildings.  Flood 
damages, assessed using the vulnerability 
functions described above, were calculated for 
the mean, minimum and maximum depths. 6.3 Baseline risk 

assessment results
6.3.1 Buildings 

Damages were calculated for every building 
where depth exceeded 0.1m.  This was 
assumed to be a typical floor threshold levels 
for buildings in Panama, based on observations 
during the project missions.  Within the 
hydrodynamic model, the depth of water can 
vary across the footprint of the building.  FRiSM 
calculates damages based on the minimum, 
mean and maximum depths within each 
building. As illustrated in Table 6-7 and Figure 
6-6 the damages calculated on maximum depth 
are typically an order of magnitude greater than 
those calculated using mean depth, indicating 
that the calculation may be very sensitive to 
local variations in flood depths, which are most 
significant across large buildings.  The variation 
between the minimum, mean and maximum 
damages for residential buildings (see Figure 

Simple Count = 4 properties flooded

Figure 6-5: Property count description 

Detailed Count = 9 properties flooded
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6-7) is considerably less, probably because 
residential buildings are generally smaller so 
less likely to have significant differences in 
predicted flood depths across their footprints.  

Figure 6-8 shows an example of a large 
warehouse type building between the rivers 
Tocumen and Tapia.  Modelled depths across 
the building range from practically zero to 
0.55m, and consequently damages range from 
zero to $1.2M.  In reality, the building is likely to 
have a single, flat floor level.  Without knowing 
the specific floor levels of individual buildings, 
it is preferable to use the mean depths to 
calculate flood damages.

Figure 6-7: Damages vs return period 
(residential buildings)

Figure 6-8: Example of variation in depths 
and losses across a large building

Figure 6-6: Damages vs return period (all 
building types)

Based on experience, calculating flood 
damages using mean depths was considered 
to give the most reliable results, and all results 
quoted hereafter in the report are based on 
mean depths.  Clearly, in particular in large 
industrial and commercial buildings, there 
can be a significant degree of uncertainty 
regarding flood damages, which can vary 
significantly depending on the specific 
construction and purpose of any specific 
building.  Any future investment which is 
claiming significant benefits, in terms of 
reduction of damage costs to buildings, 
should include a ground-based assessment to 
identify the purpose of those buildings and to 
survey actual floor levels.

Damage costs are presented by each return 
period (probability), and as an annualized 
values, the Annual Average Damages (AAD).  
This is calculated by multiplying the damages 
for each modelled event by the probability of 
that event.  The sum of these values for all 
return periods is the AAD.

6.3.2 Contents 

The calculation of building contents damages 
using the ratio of contents damages to building-
damages calculated in Table 6-5 was applied 
to residential buildings only. This indicates 
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Table 6-7: Flooded building damages and count, baseline scenario

Return 
Period (1 in 
x-year)

Total 
damages 
(minimum)

Total 
damages 
(mean)

Total 
damages 
(maximum)

No.  
buildings 
damaged 
(minimum)

No. 
buildings 
damaged 
(mean)

No. 
buildings 
damaged 
(maximum)

1

20

5

50

500

2

30

200

10

100

1,000

Annualized

$319,013

$1,220,559

$755,523

$1,595,852

$2,829,563

$487,495

$1,377,631

$2,270,599

$953,745

$1,913,103

$3,334,681

$611,447

$2,101,762

$5,284,123

$3,669,613

$6,330,690

$9,904,539

$2,686,770

$5,693,303

$8,712,324

$4,479,259

$7,937,530

$10,991,113

$3,136,087

$25,272,914

$48,855,582

$37,905,496

$55,479,786

$102,423,955

$29,819,134

$51,877,462

$95,665,548

$43,534,347

$89,977,241

$107,367,288

$33,569,393

305

596

439

746

1208

345

650

1018

525

866

1366

1479

743

1238

981

1446

2088

817

1311

1853

1104

1644

2299

2341

1165

1840

1501

2123

2865

1277

1967

2575

1663

2341

3118

3118

that contents damages consistently represent 
around 40% of physical damages for all return 
periods.  Note, however, that the contents 
to building ration is based on research in the 
UK, and may, therefore, not be accurate in the 
context of Panama.  

6.3.3 Infrastructure

Breaking down the damages by the building 
category (Table 6-9 and Figure 6-10), flooding 
to industrial premises is predicted to produce 
the highest losses in a 1 in 2-year event. The 
industrial premises with losses greater than 
$10,000 in this event are all clustered in two 
locations:

• To the north and south of Via Tocumen 
immediately west of the junction with 
Corredor Sur Highway.  Here the model 
predicts extensive but shallow surface water 
flood risk.  The small watercourse which 
runs through the industrial area, a tributary 
of the Tocumen, is not explicitly modelled, 
and local drainage capacity may be under-
estimated. This location has modelling 
limitations as a result of the poor quality of 
the MDTPan DTM source data.  

• The recently developed Parque Industrial 
Zona Uno, south of Corredor Sur Highway, 
which has built out into land formerly 
occupied by mangroves. Risk is believed 
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Table 6-8: Building and contents  
damages (residential buildings)

Return 
period (1 in 
x-year)

Damages to 
buildings 

Damages to 
contents

Total

1

20

5

50

500

2

30

200

10

100

1,000

Annualized

$667,016 

$2,533,663 

$1,614,190 

$3,189,320 

$5,075,184 

$1,022,815 

$2,815,450 

$4,239,023 

$2,079,055 

$3,691,221 

$5,819,844 

$1,282,063 

$486,319 

$1,791,500 

$1,155,124 

$2,227,700 

$3,530,680 

$742,499 

$1,974,448 

$2,949,195 

$1,484,868 

$2,573,051 

$4,037,169 

$935,573

$1,153,335 

$4,325,163 

$2,769,314 

$5,417,020 

$8,605,865 

$1,765,315 

$4,789,898 

$7,188,219 

$3,563,924 

$6,264,271 

$9,857,013 

$2,217,636 

to be over-estimated here as a result of the 
poor quality DTM in the area – those parts 
of the industrial park which are covered by 
LiDAR have significantly less risk than those 
covered by the MDTPan data.

Considering the potential impact on public 
services shown above;

• There is nominal predicted risk to health 
facilities

• At the 1 in 100-year event, risk is predicted 
to seven educational facilities:

 - Escuela Primaria Villa Catalina

 - Escuela Santo Domingo Savio

 - Escuela De Los Paises Bajos (Holanda)

 - Universidad Tecnológica De Panama

 - I.N.A.D.E.H.

 - Colegio La Academia

 - Unnamed institution to the east of Calle 
del INADEH.

• The public services category includes 
a mixture of transport and other public 
facilities.  Two facilities stand out as  
being identified as at risk in the 1 in 100-
year event:

 - Tocumen Airport – this is discussed 
below in section 6.3.5.

 - The Luis Endara Paniza Fire Station 
located on Calle Aeropuerto. Whilst  
this is a small building, the fire service 
plays a particularly important role 
during flood events, therefore damage 
or restricted access to this facility 
could have a wider impact on disaster 
response during a flood event.  The 
building and surrounding area is 
predicted to be at risk of relatively 
shallow surface water flooding.

The services named above are located in 
Figure 6-9.

• Of the other infrastructure identified within 
the catchment, neither the single electrical 
sub-station nor the single surface water 
pumping station was found to be at risk in 
any of the modelled return periods.
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Table 6-9: Flood damages by building category, 
1 in 2 and 100-year events

Building 
category

Damages  
(1 in 2-year)

$ $% %

Damages  
(1 in 100-
year)

Residential

Industrial

Healthcare 

Recreational / 
Cultural

Total

Institutions

Education

Others

Commercial 
and Services

Public 
Services

$1,022,815 $3,691,221

$1,181,275 $2,698,638

$109 $236

$666 $1,931

$2,686,770 $7,937,530

$916 $3,868

$9,064 $63,466

$73,860 $142,261

$398,064 $548,962

$- $786,947

38% 47%

44% 34%

0% 0%

0% 0%

100% 100%

0% 0%

0% 1%

3% 2%

15% 7%

0% 10%

Figure 6-9: Public services at risk  
of flooding in the 100-year event

Figure 6-10: Flood damages by building 
category, 1 in 2 and 100-year events
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6.3.4 Human impacts and risk to life

• The estimated number of people directly 
impacted by flood damages within their 
home ranges from 3,584 in a 1 in 1-year 
event to 9,106 in the 1 in 1,000-year event.  
The majority of people directly impacted are 
predicted to be first affected in a 1 in 20-
year or lower return period, resulting in an 
annualized impact of 9,231 people impacted 
in an average year.

The depth*velocity flood hazard ratings 
described in section 5.9 were analyzed to 
identify locations where the combination of 
depth and velocity poses a high risk to people, 
both within their homes and when travelling.  
Some examples of locations with significant 
hazard are discussed in Table 6-10. This type 
of hazard mapping is useful to help emergency 
responders identify and manage areas of 
dangerous flooding.

Figure 6-11:  Population directly impacted by 
flooding in their homes

Table 6-10: Examples  
of significant hazard to people

Description Location

The main river channels of the 
Tocumen, Tapia and Tagarete 
are, understandably, identified as 
being dangerous to all as a result 
of deep flows and high velocities 
during floods.  Some of the 
minor tributaries also show up 
as areas of significant risk to 
people, as seen here on the 
upper Tocumen (reach 2).

There are indications of various 
low points on the west bank 
of the Tapia, probably related 
to former channel beds, within 
which homes have been built.  

To the east of the Tapia, 
the land to the south of the 
industrial estate has extensive 
areas of significant hazard.

The southward sloping streets 
of the Don Bosco area form 
a number of flow pathways 
which then pond as gradients 
flatten out.  Significant hazard 
is predicted in this densely 
populated area.  
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6.3.5 Loss of ecological goods

Flooding is a natural process within the Tocumen 
mangroves, part of the Bahía de Panama area 
designated for protection under the Ramsar 
convention. However, given the problems 
observed with solid waste management and 
untreated wastewater entering the rivers 
(see section 3.2.6), flooding may spread 
contamination into the protected area.

The evidence from water quality monitoring in the 
Tapia indicates that the levels of contaminants 
has resulted in a reduction in the abundance and 
diversity of macro invertebrates in the river.  No 
water quality sampling or invertebrate surveys 
have, to our knowledge, been carried out within the 
Tocumen mangrove itself, however.  The fact that 
there is not an official management plan including 
a program for condition monitoring indicates that 
the designated area is not being managed in 
accordance with the Ramsar Convention.

Evidence from Gillis et al. 2019 has identified the 
potential for excessive nutrients to impact adversely 
on the root structure of mangroves.  Unpublished 
work by the Smithsonian Tropical Research 
Institute, communicated to the project team during 
the missions, suggests that this may be happening 
in the Costa del Este mangrove, where root mass 
is reduced and trees are taller but with narrower 
trunks when compared with an undisturbed control 
site elsewhere in the Bay of Panama.

A mangrove system compromised as a result of 
human disturbance, including on the temporal 
and spatial distribution of fresh water, and on 
water quality, may reduce the mangrove’s ability 
to withstand erosional pressures during periods 
of high sea levels and wave action.

6.3.6 Transport disruption

• Flood risks to road transportation in the 
catchment come principally from pluvial 
flooding pathways and minor watercourses 

rather than from the main rivers, where 
bridge crossings have been constructed to 
pass the 1 in 100-year flow. All of the main 
highways within the catchment are indicated 
to be at risk from flooding in the 1 in 2-year 
event and above, including: 

 - Avenida José Maria Torrijos at Calle La 
Alianza

 - Calle Aeropuerto at Plaza Belén

 - Via Tocumen west of UTP station

 - Pan-American Highway south of Las 
Mañanitas station and close to Punta 
del Este.

 - Corredor Sur Highway immediately at the 
junction with Via Tocumen.

Figure 6-12:  Report of flooding  
in Via Tocumen (location unknown)

• Linea 2 of the Metro runs as an elevated line 
above the Via Tocumen and Pan-American 
Highways, across the study area. The 
design is, by its nature, flood resilient.  None 
of the five stations within the study area 
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Furthermore, the traditional approach to cost-
benefit assessment for flood risk management 
schemes, which focusses on avoidance of 
damages to buildings, tends to favor schemes 
which protect wealthy areas, as these have a 
better cost-benefit ratio.  

(Don Bosco, UTP, Las Mañanitas, Hospital 
del Este and Altos de Tocumen) are within 
significant flow pathways, although shallow 
flooding is predicted around UTP station. 

• There is significant evidence of flooding 
impacting highways in the city on internet-
based news sites, but identifying the exact 
location is not always easy.

• There are not any significant areas of fluvial 
or pluvial flood risk within the airport, 
considering the assumptions made about 
the efficiency of the airport’s own drainage 
systems (section 4.6).  On the basis of 
this catchment-scale modelling, which 
does not include explicit modelling of the 
drainage systems serving the airport, it is 
not considered that there is a significant 
present-day risk to the airport or its 
operations as a result of flooding.  

6.3.7 Vulnerability of survivors

Flooding of a person’s home is a distressing 
event for anyone, but the impacts can be 
greatest for people who are economically 
disadvantaged or otherwise socially 
marginalized, where they lack the finance, 
and/or support from the government or their 
community (Hallegatte et al. 2017).  

© The World Bank

The Tocumen catchment includes significant 
areas of low-income residents, including, in the 
upper catchment, several areas dominated by 
informal development, where there are few if 
any public services (e.g. Figure 6-13).

The World Bank publication “Unbreakable” 
(Hallegatte et al. 2017) explores how resilience 
for the poor can be built in the face of disasters.  
This found that, for example, there is a 
significant need for adaptive social protection 
funding which can transfer resources to disaster 
victims rapidly after an event, and that in 
Panama such funding could yield benefits of 
$4.7 for every $1 transferred.

Figure 6-13: Vulnerable, informal housing 
development in the upper catchment.  

Table 6-11: Percentage of properties flooding 
by dwelling values (1 in 100-year event) 

Maximum 
loss ($)

Flooded 
properties

Total 
properties

% flooded

0-25,000

>100,000

Total

25,000- 
50,000

50,000- 
75,000

75,000-
100,000

693

291

4,497

2,024

1,091

398

4,201

665

21,977

10,555

5,094

1,462

16%

44%

20%

19%

21%

27%
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The URC exposure dataset does not include 
format data on socio-economic class.  Two 
indicators of potential vulnerability were 
analyzed.  Firstly, the maximum losses, 
representing the rebuild cost of a dwelling, 
were analyzed (Table 6-11) to see whether 
there was a relationship between the value of 
a dwelling and the probability it will flood.  In 
many locations around the world, poor and 
marginalized communities are forced to live on 
land which is highly prone to flooding, however 
the evidence indicates that this may not be the 
case in the study area.  Properties of less than 
$25,000 were slightly less likely to flood than 
the average of all properties, and the property 

Table 6-12: Percentage of properties flooding by socio-economic class

IH Clase  
Analisis

Flooded  
properties

Development class  
(from IH Cantabria study)

Total  
properties

% flooded

Crecimientos mixtos 
asociados a viales

Mixed growth 
associated with roads

EO_Crecimiento alta 
densidad

High density growth

16

0

74

3

22%

0%

EO_Crecimiento en 
entorno

Growth in environment

Urbanizaciones de nivel 
socioeconómico medio

Middle-class  
urbanisations

Zonas de nivel 
socioeconómico bajo

Working class zones

Zonas de procedencia 
informal

Zones of informal origin

Zonas populares de 
vivienda social

Social housing

Total

0

96

570

799

3016

4,497

13

159

3793

4681

13254

21,977

0%

60%

15%

17%

23%

20%

band experiencing the highest probability of 
flooding was those of over $100,000 in value.  
This is because there are a large number of 
properties with a rebuild value of over $100,000 
in the Versalles area, which is exposed to 
pluvial flooding.

Secondly, the exposure dataset includes a field 
“IH_CLASEANALI”, developed as part of the 
IDB ESCI study, includes some categorization 
by socio-economic class. These results (Table 
6-12 and Figure 6-14) again indicate that it is 
middle-class development in the Versalles area 
which has the highest percentage of dwellings 
at risk.
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6.3.8 Summary of risk assessment

Infraestructure

• Seven educational facilities at risk in a 1 in 
100-year event.

• Risk to the Luis Endara Paniza Fire Station 
which could impact on the fire brigade’s 
ability to respond to flood events.

• No significant impacts on health facilities  
are predicted.

Figure 6-14: Socio-economic class 

Property

• Damage to property has been estimated using 
an exposure database prepared by URC.

• Annual average damages to buildings due to 
flooding estimated at $3.1M. 

• Annual average damages to building 
contents (in homes only) estimated at 
$0.9M.  
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• Estimated 3,500 people directly impacted 
annually by flooding to their homes, rising to 
9,100 in a 1 in 100-year event.

• Hazard mapping has identified areas where 
the combination of depth and velocity of flood 
water is particularly dangerous to people.

• Flooding has the potential to spread both 
solid waste and contaminated water into the 
Tocumen mangroves, part of the protected 
Panama Bay Ramsar convention site.

• Urban wastewater contamination has 
been demonstrated to have reduced 
the abundance and diversity of 
macroinvertebrates in the Tapia river

Ecological goods

Transport

Vulnerable communities

• On the basis of this catchment-scale 
modelling, which does not include explicit 
modelling of the drainage systems serving 
the airport, it is not considered that there is a 
significant present-day risk to the airport or 
its operations as a result of flooding.

• Linea 2 of the Metro is elevated as it 
runs across the catchment. There is not 
considered to be a significant flood risk to 
the line or stations.

• Flooding of a person’s home is a distressing 
event for anyone, but the impacts can be 
greatest for people who are economically 
disadvantaged or otherwise socially 
marginalized, where they lack the finance, 
and/or support from the government or their 
community.

• In many locations around the world, poor 
and marginalized communities are forced to 
live on land which is highly prone to flooding, 
however the evidence indicates that this may 
not be the case in the study area.  

• In fact, it is higher-value, middle class 
housing, concentrated in the Versalles 
area, which has the highest percentage 
of properties predicted as being at risk of 
flooding (44% in a 1 in 100-year event).

People

• Flood risks to road transportation in the 
catchment come principally from pluvial 
flooding pathways and minor watercourses 
rather than from the main rivers, where 
bridge crossings have been constructed to 
pass the 1 in 100-year flow.  All of the main 
highways within the catchment are indicated 
to be at risk from flooding in the 1 in 2-year 
event and above.
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6.4 Flood risk 
management in 
Panama
6.4.1 Introduction

Aside from the physical hazards from flooding 
and existing geography of exposure and 
vulnerability, the capabilities of the national 
and Municipality authorities to avoid, prevent 
and mitigate flood risk play are an important 
element of the overall flood risk.  Whilst a full 
appraisal of the laws, policies, plans, standards 
and guidance which apply to the management 
of flood risk is beyond the scope of this study, 
it is valuable to briefly summarize the current 
and emerging practices.  We have drawn this 
assessment from the following sources:

• The 2016 review of Disaster Risk 
Management (DRM) in land use 
management, sponsored by the Global 
Facility for Disaster Reduction and Recovery 
(GFDRR) (MIVI, 2016). 

• The 2019 Wetlands International review of 
technical standards prepared by Arcadis 
(Wetland International, 2019), which includes 
a comparison of the Ministry of Public Works 
(MOP) (undated) standards with those in 
several other countries.  

• The 2019 Water Dialogues exercise prepared 
by the Municipality of Panama and Wetlands 
International. 

• Discussions with the World Bank, 
Municipality of Panama and stakeholders 
held during missions 1 and 2.  

• The Draft Local Plan (Municipality of 
Panama, 2019)

6.4.2 Planning and flood risk

Evidence from the Tocumen, Tapia and other 
catchments in the city indicate that there has 
been a history of land raising and subsequent 
development within floodplains and mangroves, 
with many minor watercourses having been 
partially culverted.   Development right up to the 
riverbank has been common, and there is little 
or no public access, or space for the authorities 
to undertake maintenance works, alongside 
most urban watercourses.

Many Local Plans in Panama have not been 
updated since the 1960s (MIVI, 2016), and 
consequently have not adapted to changes 
in the legal framework, land use, society, the 
economy and population.  Since 2006, there 
has been national and local progress towards 
reviewing and updating the framework for 
land use planning.  IN 2015, MIVIOT issued a 
ministerial regulation which defined two key 
concepts with respect to land use and flood risk:

• • Non-Mitigable Flood Risk Zones. 
“Areas where there is evidence of the 
existence of a population exposed to a 
risk condition for which it is not feasible to 
carry out effective mitigation measures.”  
In such area, corrective measures should 
be taken to prevent further development 
and, depending on the severity, 
resettlement should be considered. 

• • Exclusion areas due to high risk: 
“Uninhabited areas where, due to high 
risk conditions… as a preventative 
measure will not allow the establishment 
of residential, commercial, industrial or 
institutional land uses.”

The draft Local Plan (Municipality of Panama, 
2019) has sought to implement these 
requirements by defining and publishing maps 
delimiting the following land use zones:
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Áreas de protección de los recursos hídricos 
(3H) (areas for the protection of hydrological 
resources):

These define zones of wayleave (servidumbres) 
alongside rivers which should be protected from 
development.  They are defined as the width of 
the river channel as measured from the top of 
bank, and should be no less than 15m in rural 
areas and 10m in urban areas. 

In the Local Plan maps, these zones (shown in 
green) are defined by buffers in rural areas.  In 
existing urban areas and where adjacent land is 
defined for development (in orange, see right), 
they are only applied to the small remaining 
areas of undeveloped land adjacent to rivers.  
Defined as such, these areas leave little scope 
for improving river corridors for flood risk 
management, biodiversity and public access 
and green transportation.

Further measures are implemented to protect 
the coastline. 

Zona Condicionada por Riesgo de Inundación 
– Suelos Urbanos (5R-U) (Flood risk zone – 
urban area).

These are areas outside those defined by 
3H above, which are at risk of flooding in a 
1 in 100-year event.  Where development 
is proposed in these areas, a plan must be 
submitted demonstrating to the authorities 
that the site is not at risk in the 100-year 
event, and will not increase risk to neighboring 
properties. 

The zone is defined in grey (see right) based 
on the flood extents defined by the IDB ESCI 
study, and does include major pluvial flow 
pathways.  Notably, areas at risk from coastal 
flooding are not defined.
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Zona de Prohibición por Riesgo de Inundación 
– Suelos Rurales. (5R-R) (Zone of prohibited 
development due to flood risk – rural areas).  

These should be managed as floodplains similar 
to 3H, but there are exemptions for hunting, 
agriculture and agroforestry.

The Diálogos del Agua (Water Dialogues) 
initiative made proposals for regulatory and 
policy changes relating to:

• The definition and protection of public 
easements and gallery forests along all 
rivers

• Making flood risk zones an official 
component of the Territorial Plan (Plan de 
Ordenamiento Territorial (POT)), starting 
with the hazard map of the Juan Diaz river 
prepared by IH Cantabria. The zones are 
defined, using the 1 in 100-year return 
period flow event, as:

 - the dangerous flooding zone (Zona de 
Inundación Peligrosa (ZIP)), defined as 
that zone where model results indicate 
that depths would exceed 1m, velocities 
would exceed 1m/s or the product of 
depth * velocity would exceed 0.5m2/s;

 - the intensive drainage path (vía de 
intenso desagüe (VID)), in which the 
depth (above river-bank level) does not 
exceed 0.3m; and

 - the functional floodplain (the Zona de Flujo 
Preferente (ZFP)) which is defined as the 
geographic sum of the ZIP and the VID.

6.4.3 Drainage design standards

The Ministry of Public Works (undated) (|) is the 
primary source of drainage design standards 
and guidance in Panama. It sets out in detail 
how to design urban drainage systems, 

including guidance on hydraulics, hydrology, 
design and construction.  Return period design 
standards are as tabulated below:

Drainage  
component

Design 
standard

Surface water drains  
(new systems and upgrading 
existing systems)

Culverts, retaining walls  
and open channels

Bridges

Rivers and streams

1 in 10-year

1 in 50-year

1 in 100-year, with  
a further freeboard  
of 1.8m between  
the design water level  
and the bridge soffit.  

1 in 50-year

The Water Dialogues report also made the 
following recommendations for improvements to 
the design method specified by MOP, including

 - Calculation of design runoff to as a 
minimum, a return period of 1 in 100-year

 - Specify the use of suitable models 
(including, but not exclusively the Horton, 
SCS and Green and Ampt methods) to 
calculate runoff for catchments above 
250 hectares

 - Establish the ZFP and avoid intensive 
urban development within this zone

 - Consider the use of Sustainable 
Drainage Systems (SuDS) to retain, 

Table 6-13: Return period  
design standards defined by MOP
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reuse, infiltrate and control the discharge 
of surface water runoff 

 - Increase the design standard for culverts 
to allow discharge of the 1 in 100-year 
event without surcharge

 - Requires the Municipality and MOP to 
carry out the necessary inspections to 
ensure that works are undertaken in 
accordance with their permits

We would endorse these recommendations, and 
have considered the impact of adopting SuDS 
for newly developed sites in the assessment 
of future scenarios (section 9).  To these 
recommendations, we would add that there 
needs to be guidance on allowing for the impacts 
of climate change in design, including changes in 
rainfall intensity, river flow and sea level.  

6.4.4 Flood warnings  
and flood response

The Flood Risk Drivers report (Gordón 2019) 
includes a review of the role of different national 
and local actors, including governmental, private 
and third-sector organizations, in managing 
flood risk, and a review of existing risk and 
disaster management capacity in the country.   
It notes that the National Civil Protection System 
(SINAPROC), which has a national coordinating 
role in disaster risk management, has primarily 
been focused on reviewing and approving 
development plans, Environmental Impact 
Assessments and evaluating communities and 
structures in risk zones. To date, SINAPROC 
has not implemented specific emergency or 
evacuation plans, or implemented any flood 
warning systems.
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EVALUATION OF 
POTENTIAL FOR 
NATURE-BASED 
SOLUTIONS: 
MANGROVES
7.1 Introduction
This section describes how mangroves 
may be incorporated into the suite of 
mitigation measures available for long-term 
management of coastal hazards along the 
Panama City and Tocumen coasts. The 
approach has considered the relative stability 
and anticipated longevity of existing coastal 
mangrove communities, the potential for 
mangrove enhancement and opportunities 
for incorporation of mangroves into hybrid 
coastal management solutions, mixing natural, 
man-made and non-structural forms of hazard 
mitigation interventions. An overview of coastal 
conditions in the bay of Panama is provided in 
section 3.1 above.

7.2 7.2 Coastal 
Hazards 
7.2.1 Coastal Flooding Hazard

The combination of macro-tidal conditions and 
absence of hurricanes determine that coastal 
flooding hazard at Panama City is dominated 
by high tides, with secondary influence from 
mean sea level variability. Evaluation of coastal 
flooding hazard has been undertaken using the 
Balboa tide gauge record, obtained as hourly 
data from the University of Hawaii Joint Archive 
for Sea Level. 

Substantial change in the water level record 
followed dredging as part of Panama Canal 
expansion from 2013 onwards, potentially also 
associated with instrumentation and datum 
changes. The large change in water level 
emergence is indicated by Figure-7-1. As this 
is a change only in conditions local to the tide 
gauge, it is not representative of a change in 
coastal flooding. Consequently, the two periods 
have been considered separately.

The Balboa water level record indicates:

• The large tidal range (>7m) provides 
substantial variation of daily maximum water 
levels, with approximately 1.5m difference 
occurring over a month;

• Tidal residuals are dominated by tidal 
misfit (up to 0.8m) and seasonal mean sea 
level variability (~0.3m) compared with 
atmospheric surges, which are generally 
small (<0.3m) and occasional. 

• The relative amplitude of tides and surges 
determines there is low likelihood of 

Figure 7-1: Emergence Curves from Balboa 
Tide Gauge Record
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atmospheric surge being coincident with 
high tide;

• High water level events mainly occur during 
peak phases of inter-annual tidal variability 
(Haigh et al. 2011), which produces a 4.4-
year cycle, affecting annual maximum tide 
by approximately 0.5m;

• Mean sea level variability is associated with 
el Niño / la Niña climate variation, providing 
up to 0.5m sea level range. The sustained 
nature of this variation determines that it 
directly interacts with tide, and therefore 
mean sea level variability provides a 
secondary influence on coastal flooding 
incidence.

Ranking of the highest water level events has 
been used for preliminary estimation of water 
level recurrence (Figure 7-2). This demonstrates 
the substantial difference in the Balboa water 
level record before and after dredging.  A key 
characteristic illustrated by the 1980-2012 data 
set is a very flat extreme distribution, with less 
than 0.2m between the 2-year and 10-year 
ARI levels. Notably, this approach neglects 
the ~0.5m cyclic variation of annual maxima 
caused by inter-annual tidal modulation, and 
consequently indicates its relative importance.  

In addition to sea level variation, flooding along 
the coastal fringe is potentially influenced by 
waves, including the effects of wave setup 
and runup. For coasts defended by seawalls, 
the crest level must be set high enough to 
ensure that overtopping volumes do not cause 
structural failure, which may allow ingress of 
floodwaters, potentially with catastrophic speed.

Available wave information for Panama City 
indicates that wave conditions may include long 
period swell (>15s) from the south-southwest 
and wind waves (4-6s) from the east, able to 
reach significant wave heights of 1.0m. These 
two separate phenomena are influential on 
perspective of coastal flooding:

• Due to their short period, wind waves 
experience limited frictional loss 
approaching shore, and therefore perceived 
storm level (swash level) is typically a 
combination of water level and wind wave 
height.  Consequently, although extreme 
water levels are almost exclusively tidal in 
character, there is a perspective of flooding 
being associated with storms due to the 
contribution from wind waves. This effect 
is only relevant at the coastal boundary, as 
the short period of wind waves limits their 
landward propagation;

• Longer period waves experience greater 
shoaling and produce higher relative wave 
setup and runup. As wave runup is further 
enhanced on steep and low porosity 
surfaces, swell wave conditions substantially 
influence the crest levels required on 
armored shorelines.

7.2.2 Mean Sea Level Change

Variation of mean sea level, as measured at 
the coast, occurs through different phenomena 
(Gornitz 1993) including:

•  Long-term change of global mean sea level;

Figure 7-2: Extreme Water Levels from 
Balboa Tide Gauge Record Recurrence 
Interval estimate based on event rank, with 
plotting parameter 0.5. 
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• Projected sea level responses to global 
atmosphere change due to anthropogenic 
impacts;

• Regional anomalies of mean sea level, 
associated with climate variability over inter-
annual through to decadal time scales;

• Vertical movements of the Earth’s surface, 
including isostatic and tectonic crustal 
motions and shallower responses due to 
groundwater decompression or surface 
water impoundment.  Information regarding 
this type of motion for the Panama City 
coast has not been identified.

The long-term tide gauge record from Balboa 
has demonstrated a 1.49mm/yr average rate 
of rise over the 20th Century, which is broadly 
consistent with estimates of global mean sea 
level rise (Douglas 2001; Church et al. 2013). 
Decadal and inter-annual scale variability may 
cause greater rates of change, such as illustrated 
over the period 1993-2009 (Figure 6-23). This 
included a switch from moderate el Niño 
conditions through to strong la Niña conditions, 
which produced approximately 25mm/yr drop of 
mean sea level from 2003-2009, corresponding 
to the substantial establishment of mangroves 
along Panama City coast (see Section 3.1.5).

Over the longer term, global mean sea level 
is projected to rise as a consequence of 
atmospheric change due to anthropogenic 
impacts, particularly increased C02 emissions. 
Coupled ocean-atmosphere modelling and 
associated sea level rise estimates have been 
reported by the Intergovernmental Panel on 
Climate Change since 1988 (Church et al. 2013). 
Evaluated scenarios allow for different patterns 
of future human activity and presents a plausible 
range of ocean-atmosphere responses, based 
on existing understanding of physical science. 
Resulting projections range from 0.2-1.0m sea 
level rise by 2100, with projected rates of rise 
varying from 3mm/yr up to more than 15mm/yr. 

The estimated global average rate of rise from 
1993-2012 based on altimetry is 3.4mm/yr. 

7.2.2.1 Coastal Erosion  
and Recession Hazards

Over historic time scales (decades), Panama 
City coast has experienced an overall trend of 
accretion. This is consistent with the overall 
geomorphic structure, as a macro-tidal coastal 
floodplain, with dominant swell from a narrow 
onshore directional range. The sequence of 
sediment delivery from the river systems and 
subsequent alongshore redistribution by tides 
and waves is evidenced by low-lying, shore-
parallel morphology, including ridges, drainage 
lines and coastal mangroves. This shore-
parallel development has also been observed 
in shoreline advancement through coastal 
mangrove growth over the last 20 years (see 
Section 6.2.5), following extensive infilling of 
the coastal wetlands during establishment of 
Panama City. Notably, this growth more reflects 
mangrove capacity to occupy the intertidal 
fringe than a substantial sediment input capable 
of offsetting coastal recession.

In an overall setting of accretion, coastal erosion 
and recession may still occur:

• Coastal erosion is a short-term (<10 years) 
retreat of the shore, typically as a response 
to erosion pressure from one or more storm 
events, or other anomalistic weather events, 
such as substantial variation of seasonal 
wind direction;

• Coastal recession is a sustained (>10 
years) retreat of the shore, associated with 
redistribution or loss of sediment from the 
coastal system. This may occur due to 
sustained changes to driving conditions, 
particularly sea level rise (refer to Section 
6.3.2), or discrete changes to the coast, 
such as introduction of coastal protection 
works or collapse of a coastal barrier spit.
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Figure 7-3: Mean Sea Level Change from Altimetry (1993-2009)

Source: Willis et al. (2010)

For Panama City coast, storm conditions are 
moderate, with extremes of both swell and 
wind waves having a nearshore significant 
wave height in the order of 1.0m. Consequently, 
storm impact is limited by the large tidal range, 
with storm energy typically being dissipated 
across the 1km wide shallow gradient intertidal 
terrace. This results in movement of sediment 
up and down on the terrace slope, however the 
persistence of tidal channel structures on the 
terrace suggests that wave-driven sediment 
movement is comparatively minor.

At the upper part of the terrace, there is 
a steepening of bed gradient, due to the 
combined influence of reduced tidal inundation 
and the effect of mangroves (if present) which 
provide hydraulic resistance to both waves and 
tidal flows.  This profile enables two typical 
forms of erosion to occur, including (i) small-

scale gutter erosion in front of mangroves, or (ii) 
geometric erosion if the active hydraulic zone, 
determined by waves and water levels, extends 
above the normal range (Figure 7-5).

Coastal recession occurs when there is 
redistribution or removal of sediment, causing 
a loss of coastal sediment volume. This 
may occur by altering sediment exchanges 
between different parts of the coastal system 
(Figure 7-6). Numerous conceptual models for 
coastal change are built around this premise as 
discussed by (Dubois 1992), including:

• Bruun (1962) model, which is very widely 
used, relating the released storage volume 
to the wave-dominated equivalent of 
intertidal storage volume; and

• Davidson-Arnott & Fisher (1992) and the 
subsequent Davidson-Arnott (2005) models, 
which involve landward transport of sediment. 
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Figure 7-4: Projected Sea Level Rise and Rates of Change

Source: from Church et al. (2013)
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Figure 7-5: Erosion Mechanisms Apparent on Panama City Coast

Recession can be produced by increasing 
storage at other areas than the coast or 
reducing supply. This effect can also apply 
alongshore, such that impoundment of 
sediment in one area may reduce sediment 
availability in an adjacent (usually downdrift) 
location. For Panama City coast, the overall 
accretive record suggests that recession would 
require disturbance of existing conditions. Likely 
disturbances include (i) accelerated sea level 
rise causing geometric response and increased 
floodplain storage; or (ii) change to the sediment 
volume released by river systems.

Scaling of these processes is provided by physical 
dimensions of the floodplain area and coast:

• The geometric response (Figure 7-5) 
approximately corresponds to the surface 
gradient of the intertidal terrace, which 

is approximately 150:1. This means that 
approximately 150m shoreline recession 
could occur for 1m sea level rise due to 
geometric response;

• If floodplain storage increases proportionally 
to sea level rise, then the ratio of recession 
to sea level rise is approximately determined 
by the floodplain width relative to the 
width of the intertidal terrace, which is 
approximately 20:1. This means that up to 
20m shoreline recession could occur for 1m 
sea level rise due to increased floodplain 
storage. It is noted that only a limited part 
of the floodplain is hydraulically connected 
to tidal fluctuations, and therefore actual 
response is likely to be substantially smaller;

• Comparison of intertidal terrace area to 
catchment area suggests that reduction of 
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more than 130Mt river sediment delivery (of 
suitable size to deposit on the floodplain) 
would need to occur along the 65km 
embayment length to cause approximately 
1m recession.

This comparison suggests that geometric 
response is the most significant mechanism 
for recession expected to affect the Panama 
City coast.

7.2.3 River Flooding Hazard

Coastal conditions affect river flooding hazard 
by modifying hydraulics near the river mouth, 
including variation of ocean water levels, or 
constriction of the ocean entrance through 
sedimentation or mangrove encroachment.

Along Panama City coast, macrotidal semi-
diurnal conditions provide rapidly varying 
downstream conditions. Under high tide 
conditions, this provides opportunity for 
increased backwater flooding; however, under 
most conditions this is limited by the short (2-3 

hour) duration of high tides. During low tide, 
there is potential for large hydraulic head drop 
from the channel area through to the coast, with 
correspondingly high capacity for incision of 
runoff channels across the intertidal terrace (see 
Section 3.1.4).

Constriction of the ocean entrance through 
sedimentation or mangrove encroachment 
has been observed on most of the hydraulic 
structures built along the Panama City coast 
(see Section 3.1.5).  This reduces the capacity 
for river flow to pass through the entrance 
during extreme events, resulting in floodwaters 
backing up to landward.

7.2.4 Areas at Risk

Coastal hazards described in the preceding 
sections each have potential impacts on 
different assets and values, with risk profile 
varying over time due to progressive change 
and human responses. Coastal flooding impact 
is presently managed through a combination of 
coastal walling and fringing mangroves:

Figure 7-6: Conceptual Storage Volumes  
Potentially Affected by Sediment Redistribution
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• Existing coastal flooding risk due to high 
tides (on their own) may affect areas below 
+7.5m, which is a hazard for limited areas of 
Panama City. High levels up to approximately 
+9.5m may be affected by wave runup, 
however, this is an exclusively coastal 
phenomena significant for overtopping on 
coastal defences, with limited potential for 
waves to propagate landward;

• Projected sea level rise will reduce the 
effective protection provided by both 
walling and fringing mangroves, including 
effects of coastal recession. Consequently, 
preservation of the existing standard of 
protection will require additional adaptation 
over time (Figure 7-7). Although there is an 
equivalent change to flood levels for both, 
the greater influence of waves on walling 
determines that the change in relative 
event recurrence is greater for mangrove-
protected coast (Figure 7-8).

mangroves typically have the capacity to resist 
significant wave height in the order of 0.75-
1.0m, hazard associated with geometric erosion 
is effectively limited to sections of coast with 
bare soil or juvenile mangroves.

*Note: Concept adapted from NCCOE 1991
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Figure 7-7: Adaptation Sequence  
for Projected Sea Level Rise

Figure 7-8: Comparative Influence of Sea 
Level Rise on Coastal Flooding Occurrence
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The threat of erosion gutters, which are 
ephemeral features typically caused by storms 
generating alongshore waves and currents, is 
to potentially undermine walling or mangroves 
that provide resistance to wave action. This 
hazard consequently is influenced by relative 
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embedment, with the species and maturity of 
mangroves determining the depth of their root 
systems (see Section 7.3.3). Erosion gutters 
provide minimal hazard for adequately designed 
foreshore walling.

Coastal recession involves a long-term retreat 
of the shoreface profile, with lowering in front 
of the existing shoreline. This increases the 
capacity for waves to impact on either walling 
or mangroves providing shelter to landward 
and may ultimately cause undermining if bed 
lowering goes below the depth of walling 
embedment or depth of root mass.

Increased river flooding hazard due to either sea 
level rise or congestion of fluvial outlets may 
extend a long distance to landward, along the 
fluvial channels, which pass through Panama 
City, where there is a mixture of natural and 
artificial channels. As with coastal flooding, it is 
anticipated that maintaining the same standard 
of protection against flooding over time will 
require a series of adaptation actions (Figure 7-7).

7.3 Coastal Resilience 
Assessment
7.3.1 Hazard Mitigation Framework

The source-pathway-receptor-consequences 
framework provides an initial basis for 
considering options for coastal hazard mitigation 
(Figure 7-9). For each hazard, interventions may 
be directed at different aspects (i.e. considering 
the pathway, receptor or consequences, 
following terminology of Oumeraci 2005) and 
deal with the hazard in different ways (i.e. 
through avoidance, protection, tolerance or 
recovery) and may address a different hazard 
mode (i.e. modal behavior or extreme events).  
As an example, for a house subject to flood 
hazard (the receptor), a levee system would 

provide protection, flood-proofing would 
increase flood tolerance, relocation would 
be hazard avoidance and rebuilding after 
damage would be a recovery strategy, which is 
considered as mitigation of consequences.

Overall, this may provide an array of possible 
interventions for each site. Historically, a 
primary intervention has often been chosen 
by each management agency (e.g. walling or 
coastal setbacks) based on consideration of 
geographic factors and cost-effectiveness 
(IWR 2011). However, mature governance of 
hazard management typically involves multiple 
layers of intervention, based on the financial 
capacity and jurisdictions of the different parties 
involved (Sayers et al. 2013). Ultimately, overly 
fragmented management can be nearly as 
ineffective as under-developed management, 
due to funding and cross-jurisdictional barriers.

The modern approach to coastal hazard 
mitigation involves identification of a suite of 
complementary interventions, covering the full 
range of potential hazards and their impacts. 
The approach is necessarily adaptive in 
character, with ongoing review and refinement 
of the coastal management approach to 
respond to changing conditions.

7.3.2 Bioengineering  
and Hybrid Approaches

The capacity of natural systems to provide 
greater resilience to coastal hazards has long 
been understood, particularly the important 
role of vegetation in dune erosion-recovery 
cycles, and the capacity for riparian vegetation 
to provide streambank stabilization. Technical 
understanding of how natural systems may 
support coastal resilience has progressively 
advanced, with particular interest over the last 
15-20 years following greater recognition of 
ecological benefits and ecosystem services 
(World Bank 2016; Narayan et al. 2016; Pontee 
et al. 2016).
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Bioengineering approaches acknowledge 
limitations of natural systems to provide coastal 
resilience and involves human activities that 
enhance the performance of the system (Gratiot 
2011). Activities may include:

• Providing a morphologic setting (e.g. 
grades, sediment characteristics) that 
encourages development and stability of 
natural systems;

• Installing features that strengthen the 
capacity of natural systems to mitigate 
coastal hazards, such as dune fencing, 
installation of an erosion resistant matrix 
that integrates with the root mass, or 
construction of hydraulic basins to enhance 
wave dissipation and sedimentation;

• Addressing factors that may cause 
deficiencies in development or stability of 
natural systems, such as traffic, freshwater 
supply or pollution;

• Direct intervention in the ecological life 
cycle of natural systems, such as collection 
and redistribution of propagules, or nursery 
development of seedlings before planting.

Hybrid approaches involve simultaneously using 
a combination of methods to enhance mitigation 
of coastal hazards, most commonly in cases 
where there is a combination of nature-based 
solutions, ‘hard’ engineering and non-structural 
interventions. Typically, hybrid approaches 
combine the capacity for nature-based solutions 
to efficiently resist modal coastal pressures 

Figure 7-9: Flood and Erosion Hazard Mitigation Framework

*Note: Combines concepts from Oumeraci et al. 2005 and NCCOE 1991
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Figure 7-10: Example of Hybrid Approach
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with a structural solution to resist more extreme 
conditions (Figure 7-10). In appropriate 
situations, mitigation provided by the nature-
based solutions may reduce the structural 
requirements of defensive works, consequently 
enabling a more cost-effective overall solution 
for hazard mitigation

7.3.3 Mangroves along  
Panama City Coast

The presence and dynamics of mangrove 
communities along parts of Panama coast 
and islands have been documented in several 
locations (Benfield et al. 2005; Defew et al. 
2005; McGowan et al. 2010; Gross et al. 2014). 
These studies have indicated that Pacific coast 
mangrove communities, while having less 
species diversity than those on the Atlantic 
coast, retain the generally complex nature of 

mangrove systems, incorporating the influences 
of mangrove zonation (Figure 7-11), community 
maturity, coastal change and ecohydrology 
(López-Angarita et al. 2016).

The five most prevalent species of mangroves 
present along the Panama coast and islands 
include:

• Rhizophora mangle (red mangrove species – 
occupies subtidal-intertidal zone)

• Avicennia germinans (black mangrove 
species – occupies upper intertidal zone)

• Laguncularia racemosa (white mangrove 
species – occupies supratidal zone)

• Rhizophora harrisonii (red mangrove species 
– occupies subtidal-intertidal zone)
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• Pelliciera rhizophorae (white mangrove 
species – occupies intertidal zone).

Other species are prevalent upstream, including 
Pelliciera and Rhizophora racemosa (JICA 1997).

Maturation of mangrove forests varies 
substantially between reported locations, with 
tropical settings generally being established far 
quicker than in semi-arid or temperate zones; 
and better establishment in areas of stable 
or accreting coast compared to those which 
experience frequent cyclic change or longer-
term recession. Other factors may include 
nutrient and freshwater availability, temperature, 
soil chemistry and pollution levels (Alongi 2008; 
Winterwerp et al. 2013, Gillis LG et al. 2019). 
Approximate development timescales in a 
tropical setting are:

• For the first 1-2 years, seedling mangroves 
are highly sensitive to disturbance including 
predation, root scour and smothering;

• Over 3-8 years after recruitment, juvenile 
mangroves progressively grow to adult trees, 

with a fully developed root system capable of 
tolerating bed change. Red mangroves may 
tolerate more than 1.0m erosion, and black 
mangroves typically can resist 0.5-0.75m 
due to their shallower root systems;

• Full mangrove forest development typically 
takes in the order of 10-15 years.

Observations of mangrove community 
establishment and persistence suggest 
that Laguncularia racemosa acts as a 
colonising species including intertidal areas 
(Benfield et al. 2005; McGowan et al. 2010). 
However, with subsequent maturation of 
the mangrove community, L. racemosa is 
typically outcompeted, with the other species 
occupying the intertidal and subtidal areas. 
Differences in adaptive attributes of each 
species determine their relative success in 
these areas, with red mangroves generally 
having deeper root systems and black 
mangroves typically creating a densely 
layered root mass. These attributes give 
comparatively greater tolerance of red 
mangroves to wave conditions, and tolerance 
of black mangroves to tidal flows, with the 
characteristic mangrove zonation providing a 

Figure 7-11: Characteristic Mangrove Zonation

*Note: Florida Museum website 
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degree of “mutual support” (Ewel et al. 1998; 
Field et al. 1998). For this reason, the lack 
of species diversity and failure to establish 
zonation along the Panama City coast have 
been marked as indicators of a potential lack 
of mangrove resilience.

7.3.4 Use of Mangroves for Coastal 
Hazard Mitigation

Enhancement of coastal mangroves to mitigate 
coastal hazards or erosion and flooding 
(Spalding et al. 2014a) is being considered 
increasingly as a practical means to enhance 
coastal resilience through nature-based 
solutions (Spalding et al. 2014b; Narayan et al. 
2016). The approach utilizes the binding effect 
of mangrove root systems to create resistance 
to erosion and the hydraulic baffling effects 
of trunks and canopies to reduce landward 
propagation of waves and floodwaters. 
Enhancement of coastal mangroves may also 
provide environmental co-benefits, through 
development of complex and biologically diverse 
habitat, and expansion of fish nursery areas.

Panama City geomorphology and coastal 
dynamics provides a plausible setting for 
moderate nature-based coastal hazard 
mitigation through mangrove ecosystem 
enhancement and restoration. In particular, the 
general tendency toward deposition and the 
wide intertidal terrace are factors enhancing 
mangrove stability (for marine species), 
although it should be noted that the terrace 
itself is unlikely to provide a suitable habitat for 
mangrove establishment without supporting 
works. Disturbing factors include creek mouth 
variability, potential for polluted freshwater 
runoff and occasional elevated wave conditions, 
which are capable of causing mangrove loss if 
they occur coincident with high tide conditions.

Opportunity for coastal hazard mitigation 
through mangrove establishment is principally 
restricted to addressing erosion and wave-

induced flooding, as the functional width of the 
mangrove fringe is in the order of 200m. Due 
to the macro-tidal and low surge conditions 
occurring at Panama City, plus the high 
potential for flood conveyance through drainage 
channels, mangroves are considered likely to 
provide limited mitigation of coastal flooding 
from high tides.

Across the wider flood-plain, there may be 
opportunity for the incorporation of mangroves 
in bank stabilization, due to their capacity to 
assist with bank-building and forming well-
defined channels. However, the potential 
for natural recruitment may be limited if the 
mangrove species present along the coast are 
less tolerant of urbanized estuarine conditions.

A substantial challenge for future application of 
mangroves to coastal hazard mitigation along 
Panama City coast is a limited perception of 
their potential value:

• In the absence of coastal erosion pressure, 
potential recession due to projected sea 
level rise is typically seen as a challenge for 
future generations, rather than a present-
day issue;

• Low-lying areas that are exposed to coastal 
flooding are generally subject to higher flood 
levels due to runoff flooding. Consequently, 
the benefit of using mangroves to reduce the 
wave component of coastal flooding may be 
overlooked; and

• As a highly urbanized setting, there is 
presently negligible consideration of 
mangroves’ potential value for ecosystems 
services.

In part due to these perceptions, it is 
recognized, via feedback from the stakeholder 
engagements, that there is low motivation for 
substantial mangrove enhancement along the 
Panama City coast.  However, it is considered 
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that demonstration of the value of existing 
mangroves for coastal hazard mitigation may 
help with their incorporation into planning for 
the City’s future. Preferably this should be 
supported by definition of mangrove reserves, 
identification of better management and 
development practices in adjacent areas, and 
improved public education of mangrove value.

Consideration of Panama City’s coastal hazards, 
geomorphology and mangrove communities 
has identified four pathways by which existing 
mangroves provide coastal hazard mitigation:

• Reduction of wave runup;

• Limiting long-term coastal recession;

• Influence on downstream flood conditions; and

• Sediment retention.

In each case, a priority has been to identify 
‘no regrets’ options, where preservation of 
the existing mangrove structures provides a 
substantial benefit, with negligible identified 
cost for implementation. Opportunities for 
mangrove enhancement associated with each 
of the four pathways of hazard mitigation have 
also been noted.

7.3.4.1 Reduction of Wave Runup

Reduction of waves passing through mangroves 
has been examined scientifically for over two 
decades (Brinkman et al. 1997; Massell et al. 
1999; Quartel et al. 2007; Bao 2011; McIvor 
et al. 2012). Although there is some variation 
between methods of analysis and reporting 
parameters, all demonstrate a high level of wave 
dissipation occurs through areas of mature 
mangroves (World Bank 2016). A wave friction 
factor (fw ~0.07) through mangroves is typically 
around seven times larger than that representing 
a sandy seabed (fw ~0.01). As with wave 
transmission through other frictional settings, 

wave energy loss is a function of wavelength, 
with shorter period waves experiencing greater 
damping over the same distance. For this 
reason, swell waves reaching Panama City 
have greater capacity to penetrate the coastal 
mangrove fringe than wind waves. Notably, 
mangroves have limited effect on slow water 
motions such as tides and surges, except where 
the mangrove extent is in the order of kilometers 
in width (Blankespoor et al. 2016).

A direct value of wave damping through fringing 
mangroves is provided through reduction of 
levels required to avoid coastal flooding (refer 
to Figure 7-7). For a wave climate with almost 
1m significant wave height, effective damping 
of waves reduces required levels in the order 
of 1m. In addition to reduced levels, reduced 
waves behind fringing mangroves and their 
capacity to provide scour resistance may 
substantially reduce the structural requirements 
for foreshore edge treatments located behind 
mangroves compared to those directly facing 
the sea (see Section 7.3.2).

Capital and maintenance costs savings provided 
by fringing mangroves provide a general 
incentive for mangrove preservation. However, it 
is acknowledged that some individuals place a 
high value on ocean views, perceived it sufficient 
to outweigh cost differences.

Existing mangroves are approximately 200m 
wide along the majority of Panama City shore, 
with gaps where scour from river and stream 
systems prevents mangroves being established. 
The effects of this buffer width varying should be 
examined, in the context of whether existing levels 
and foreshore walling provide a sufficient standard 
of protection with or without the mangroves.

7.3.4.2 Long-term Coastal Recession

The binding capacity of mangrove muds and 
root systems provides capacity for mangroves 
to resist low levels of wave action and short-
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term variations of seabed level (see Figure 7-5). 
This enables mangroves to occupy the upper 
part of the intertidal area, which for Panama City 
coast is roughly 200m seaward of the shoreline 
after development of Costa del Este. As the 
mangroves mature, the relative depth of the root 
mass increases, potentially allowing gradual 
advance seaward, but intermittently offset by 
storm wave damage or undermining due to 
erosion gutters.

The depth of the mangrove root mass and 
associated mud beds typically provides a 
‘step’ relative to the shallow gradient intertidal 
terrace, which may be able to persist even 
if the terrace lowers as part of short-term 
erosion or long-term recession. For the existing 
fringing mangroves, which have been reported 
as principally Laguncularia racemosa, the 
depth of the bound root mass is estimated 
to be in the order of 0.5m. For the intertidal 
terrace gradient of approximately 1:150, 
approximately ~75m recession of the terrace 
may be experienced before the shoreline 
is substantially affected. As the mangroves 
occupy what would otherwise be submerged 
(intertidal) land, and they mitigate recession 

impact, preservation of existing mangroves is 
considered a ‘no regrets’ approach.

Capacity of existing mangroves to resist coastal 
recession is influenced by two additional 
processes:

• ongoing supply of sediment to the intertidal 
terrace has been inferred, with sediment-
carrying waters observed during flood 
events; and

• stability or growth of mangrove 
communities occurs through long-term 
progress of disturbance and recovery 
cycles, where short-term disturbances, 
such as storm events or periods of elevated 
mean sea level cause some mangrove loss, 
balanced by building phases during more 
quiescent phases.

Estimates of the rate of fluvial sediment supply 
to the coast have not been identified. Although 
total sediment release from the catchment may 
be broadly related to catchment structure and 
flood hydrology, it is understood that the volume 
of sediment supplied to the coast is substantially 
reduced by floodplain storage and dispersal 
across the shelf (or wider) of fine sediment 
fractions (Syvitski & Milliman 2007; Chen et 
al. 2018). It is further recognized that historic 
patterns of coastal change are unlikely to 
provide a meaningful estimate of future sediment 
delivery, due to the influences of mangrove 
establishment and a mix of deforestation/
urbanization effects with ‘normal’ patterns of 
sediment delivery related to flood hydrology.

In the setting where coastal recession is 
caused by sea level rise, a limit for mangroves 
to mitigate recession occurs at a rate of sea 
level rise rate in which there are insufficient 
‘mangrove re-establishment phases’ of 
declining sea level. A preliminary analysis of the 
Balboa tide gauge record indicates that there 
have historically been alternating phases of 

Existing  
Situation

Immediate 
Action

Ongoing 
Action

Inadequate  
protection with 
mangroves

Adequate 
protection with 
mangroves, but 
not without

Adequate 
protection 
without 
mangroves

Evaluate potential for 
mangrove enhancement

Determine minimum width 
of mangrove buffer and 
mangrove ecosystem 
condition including root 
system, trunk diameter, and 
canopy structure.

Identify conditions (e.g. 
SLR or wall degradation) 
where mangrove 
contribution to protection 
may be desirable

Enhance 
standard of 
protection

Monitor 
mangrove 
width

Monitor 
conditions (sea 
level and wall 
condition)

Table 7-1: Indicative action plan for 
management of wave runup using mangroves
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rising and falling sea levels, with irregular cycles 
of around 5-8 years duration (Figure 7-12). The 
more volatile recent period from 1982 to present 
is acknowledged, but implications for future 
behavior have not been explored.

reduce, with substantial reduction if sea level 
rise reaches rates of 4 to 6mm/yr, with ‘re-
establishment’ occurrence of 14% to 6% (Figure 
7-13). A 6 mm/yr rate of sea level rise might 
not occur by 2100 under the optimistic RCP 
2.6 climate change scenario, but is projected 
to occur (at the mode of model simulations) by 
2060, 2055 or 2035 for the RCP 4.5, RCP 6.0 or 
RCP 8.0 scenarios (refer to Figure 7-4).

Mangroves require stable or falling sea levels for 
roughly 3 years running to enable establishment.

Development of a more heterogeneous 
mangrove community provides a pathway 
to substantially enhance the capacity of the 
coastal fringing mangroves to mitigate coastal 
recession hazard. A change from predominantly 
white mangroves to a mixture of red, black and 
white mangroves gives an effective increase in 
root mass depth by 0.5-1.5m, which can offset 
75-225m horizontal recession of the intertidal 
zone. However, this capacity can be reduced 
by interruption of mangrove disturbance-
recovery cycles, if there is insufficient 
opportunity for re-establishment phases 
(Figure 7-14). If sufficient disturbance occurs, 
particularly with the loss of species with longer 
root systems, undermining may be rapid and 
progressive (Brunier et al. 2019).

7.3.4.3 Management of Downstream 
Flood Conditions 

‘Coastal lagoons’ landward of coastal fringing 
mangroves (see Figure 7-15) provide hydraulic 
storage of floodwaters, and when adjacent 
to the coast, they may release a portion of 
flow through the mangroves to the ocean. 
These two processes reduce the effective 
downstream flood boundary condition, and 
therefore drop river flood levels near the coast. 
Mangroves have an important role in this 
system by providing a dispersed flow network, 
with less channel incision or mobility (see 
Section 6.4.4.4).

Figure 7-12: Historic Variability  
of Inter-annual Sea Level Trends

Figure 7-13: Relative Change  
of Inter-annual Sea Level Trends  
with Long-term Sea Level Rise

Considering ‘typical’ patterns of mangrove 
maturation (see Section 6.4.3), it takes in the 
order of 3 years for mangroves to progress from 
seedlings to juveniles. An estimate of conditions 
conducive to mangrove re-establishment is 
therefore when there are 3 or more years of 
falling mean sea level. For the historic record, 
this represents approximately 22% of the time. 
Under sea level rise scenarios, these phases 
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Widespread practice in Panama City has 
been for coastal lagoons to be infilled, with 
channelization of the main floodway. This 
has occurred formally through construction 
of walled channels, and informally through 
uncontrolled dumping of 4-6m high mounds 
of fill (soil and debris) with the intent of locally 
mitigating flood hazard. This results in reduced 
hydraulic conveyance through the flood fringe 
and may block the coastal lagoon’s capacity to 
act as flood storage. Consequently, uncontrolled 
infilling may locally reduce flood risk, but 
increases upstream flood levels.

The hydraulic role of the coastal lagoons 
under flood conditions should be quantified, 
to demonstrate their effect on flood mitigation. 
However, even a qualitative understanding of 

these systems suggests that infilling practices 
could be improved through:

• Flood fringe infilling, where deemed 
necessary, should be conducted to provide 
the least disturbance to the hydraulic system. 
This may include (i) infilling of areas most 
distant from the river, and (ii) infilling should 
be conducted along a broad ‘front’, generally 
parallel with the existing land contours;

• Developing planning requirements for 
infilling to ensure hydraulic conveyance 
and flood storage (e.g. areas below flood 
levels). This allows urban development to 
be engineered with conduits and low-lying 
areas, typically lakes and parkland, while 
preserving flood mitigation characteristics.

Note:  Distances specified are specific to the Panama City coastline.

Figure 7-14: Influence of Mangrove Species Range on Resistance to Recession
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It is noted that blocking of coastal lagoons 
hydraulic connectivity through the mangrove 
systems is likely to remove the occurrence of 
occasional freshwater conditions, important to 
some mangrove species.

7.3.4.4 Sediment Retention

Mangroves provide several mechanisms for 
sediment retention:

• Organic debris from mangroves and 
associated bio productivity, develops 
into cohesive muds, which mix with and 
bind fine riverine sediments, which would 
otherwise be unstable in a coastal setting 
(Alongi 2008)

• Hydraulic shelter within mangroves (or 
coastal lagoons) may enable suspended 
sediment to settle. For coast fringing 
mangroves, the potential for sediment 
input is related to the incoming tidal 
prism, such that change to mangrove 

width affects sediment settlement (Figure 
7-16). Truncation of the mangrove fringe 
area typically results in switching from 
a convex profile to an eroding, scarped 
profile (Winterwerp et al. 2013) The width 
associated with relative stability varies 
substantially between locations, with 
around 80m required for an estuarine site 
in the Mekong River (Truong et al. 2017) 
and an estimated 1.2km for the coast of 
Paramaribo, based upon long-term coastal 
trends (Guzman et al. 2017)

• The mangrove root mass, including muds, 
is able to hold a near-vertical position 
under high flow conditions. This enables 
mangrove-fringed channel profiles to have 
a ‘step’ in the cross-section which supports 
greater channel stability through flood scour 
and recovery cycles (Figure 7-14). The 
resulting structure provides a high degree 
of channel stability, which can be exhibited 
over geomorphic timescales (Woodroffe & 
Mulrennan 1993)

For moderate floods, the coastal
wetland holds flood storage

Coastal
mangroves

(c) Moderate flow Hydraulics

For high floods, the mangroves 
provide a hydraulic breakout

(d) High flow Hydraulics

(a) Geomorphic features

Local
tributaryRIVER

At low flow levels, the tributary
flows towards the river

(b) Low flow Hydraulics

Figure 7-15: Coastal Lagoon Hydraulics
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Bank stability due to mangroves has less 
influence at the river mouth, where incision 
during flood events may undercut the adjacent 
mangroves (see Section 6.2.5). However, mobility 
of river mouths on Panama City coast is further 
controlled by the tidal channel network present 
on the intertidal terrace. The combination of 
channel controls landward and seaward of the 
coastal margin provides a substantial degree of 
stability to the river mouths.

7.4 Future Scenarios
Future scenarios outlined in Section 9 have been 
considered in the context of the conceptual 
model for coastal change along the Panama City 
coast (Section 7.2). Potential changes to coastal 
morphology and mangrove presence have been 
used to consider variation of coastal hazards via 
identified mechanisms (Section 7.3)

Business-as-usual scenario has assumed 
uncontrolled infill for the coastal wetland 
areas, with further degradation of conditions 
leading to effective loss of the existing fringing 
mangroves. Coastal retreat due to mangrove 
loss is assumed to be exacerbated by long-term 
recession due to sea level rise.

For less developed sections of Panama City 
coast, including the Tocumen River area, reduction 
of the coastal wetland area reduces flood 
conveyance and storage; mangrove loss reduces 
wave sheltering and coastal sediment retention.

For developed sections of Panama City coast, 
increasingly intensive coastal engineering is 
anticipated, with construction of seawalls to stabilize 
the coastal position. Degradation of the mangrove 
fringe requires raising of existing levels to cater for 
increased wave runup and is likely to require new 
works to improve stability of river and creek mouths. 

Reduced tidal area sheltered by mangroves provides less capacity for sediment to settle,
giving less capacity to recover after erosion events

Settlement 
Volume

Sheltered Tidal Area

Settlement 
Volume Sheltered Tidal Area

Figure 7-16: Change to Sediment Settlement Due to Mangrove Fringe Narrowing
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Planned scenario has considered controlled 
infill for parts of the coastal wetland area, 
with sufficient management to preserve the 
present-day width of fringing mangroves, 
dominated by a single species, Laguncularia 
racemosa. The existing fringe is assumed to 
retreat simultaneously to coastal recession due 
to sea level rise. For the developed sections of 
the Panama City coast, there is no opportunity 
for landward migration of the mangrove fringe, 
with the existing width potentially sufficient to 
withstand 0.25-0.75m sea level rise. This places 
an effective time limit on this scenario.

Optimum scenario has considered substantial 
restoration and enhancement efforts to develop 
a diverse and resilient fringing mangrove 
community. Development of a heterogeneous 
community enables seaward extension of the 
mangrove fringe, potentially suitable to offset 
recession due to sea level rise in the order of 
0.75-1.5m.

Activities that may be required to restore 
and enhance the existing fringing mangroves 
include: (i) introduction of further mangrove 
species, (ii) bioengineering to support other 
species, (iii) hybrid engineering to enhance 
capacity for the coastal system to tolerate 
recession, or (iv) enhancement of floodplain 
storage and hydraulic conveyance to improve 
sediment capture (e.g. low-lying parkland 

adjacent to wetland behind the coastal 
fringing mangroves). 

It is noted that building of mangrove resilience 
requires consideration of biological diversity, 
including both different species and genetic 
contribution from a variety of specimens. 
Ultimately, development of a complex mangrove 
community is also fundamental to achieving 
positive ecological outcomes, due to the 
influence of species and mangrove maturity 
upon ecosystem functions (Ewel et al. 1998).

7.5 Conclusions
Coastal hazard mitigation roles potentially 
provided by mangroves for the Panama 
City coast include damping of wave action, 
reduction of long-term coastal recession, 
reduced downstream flooding, increased 
sediment retention on the coastal plain, and 
improved channel stability. The relative value 
of these roles differs substantially between the 
highly developed coastal area, such as Costa 
da Este and the less developed area, including 
the lower Tocumen River coast:

• In the highly developed areas, the main 
potential roles of mangroves are to 
mitigate coastal recession hazard and 
reduce wave runup;

Mangroves support
near-vertical scarp

Channel expansion
due to flood flow

Greater channel mobilty
without mangroves

Figure 7-17: Channel Stabilization Provided by Mangroves
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• For the less developed areas, the main 
potential role for coastal mangroves is to 
modify the potential for coastal and riverine 
flood risk. An evaluation of the potential 
change to flood hazard has been investigated 
through the application of hydrodynamic 
modelling, reported in Section 9. 

For the highly developed area, high land and 
infrastructure values provide a strong imperative 

for protection.  Consequently, a primary valuation 
for enhancing or preserving the existing coastal 
mangroves is the cost saving enabled by 
having a shorter length or less massive coastal 
protection works. For the 4.5km length of highly 
developed foreshore in front of Costa da Este, 
relative benefits of preserving or enhancing the 
existing fringing mangrove community have been 
considered by looking at the length of walling 
required for protection (Table 7-2).

Table 7-2: Summary of the coastal recession mitigation benefits of mangroves, Costa del Este

Scenario Business-as-usual 
scenario

Planned 
scenario

Optimum 
scenario

Mangrove 
Management

Assumed 
Condition *

Approximate length 
of existing mangrove 
providing effective 
protection

Approximate Length 
of Walling Required 
(hard infrastructure) §

Indicative Cost †

Cost Saving 
compared to 
business-as-usual 
scenario

Annualized Saving 
(over 50 years)

* Allowance for 150m for future recession has been considered, modified by estimated retentive capacity provided by homogeneous or 
heterogeneous mangrove communities.

§ Calculated as total length (4.5km) minus length of existing mangrove providing effective protection.

† Indicative costs are based on a nominal $10,000 per meter taken from project experience in other countries.  No readily available 
costing data was identified for Panama.   

Mangroves decline and fragment 
due to pollution and lack of 
protection and rehabilitation

Mangroves provide no effective 
protection to coastal wave 
force and erosion

0.0 km

4.5 km 

45million

–

–

Mangroves managed to 
provide protection of the 
existing mangrove community

Mangroves managed to provide an 
enhanced, resilient mangrove community 
through conservation, and ecological and 
physical rehabilitation efforts

Mangroves with >150m 
existing width provide 
effective protection

Mangroves with >75m existing width 
provide effective protection

1.8 km

2.7 km

$27million

$18 millones

$0.36million per year

$0.08million per km

2.4 km

2.1 km

21million

$24 millones

$0.48million per year

$0.11million per km
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EVALUATION  
OF POTENTIAL 
FOR NATURE-
BASED 
SOLUTIONS: 
RIVERS AND 
FLOODPLAINS 
8.1 Overview
This section describes the analysis undertaken 
to gain understanding of the existing 
geomorphological functioning of the Tocumen 
and Tapia rivers and their catchments and 
review potential restoration opportunities. The 
approach has considered the river system 
form and behavior, and when possible, focus 
in enhancing natural processes within the 
Tocumen and Tapia basins.

A better understanding of the physical pressures 
affecting the Tocumen and Tapia catchments 
is required, in order to better understand the 
river system and identified the best options 
for restoration.  This study aims to provide the 
necessary evidence for the prioritization of 
restoration measures.  This section combines 
the previous assessment and an appreciation 
for river and floodplain restoration into a reach-
scale assessment.  It presents the information 
in a visual format with location-specific 
examples within each section to support the 
recommended restoration opportunities, as well 
as explaining how the interventions could be 
beneficial and/or necessary. Any site specific or 
catchment specific constraints are identified, for 
consideration in any further work.

8.2 Reach-scale 
Restoration 
Opportunities
This section presents the restoration 
opportunities identified for two reaches within 
this study area.  For each reach, a summary 
of the existing condition of the watercourse, 
riparian zone and floodplain, identified following 
the hydromorphic assessment, is given along 
with the key pressures.  Assessing river 
flow processes observed at the localized, 
reach scale is essential in order to make 
recommendations on restoration measures 
which are appropriate to local conditions. The 
suggested restoration measures either aim to 
restore or rehabilitate system functioning in 
light of the pressures facing the river and the 
catchment, outlined in Table 3-2. The approach 
taken focuses on fluvial geomorphology, based 
on the philosophy that maintaining and restoring 
natural riverbed forms, managing sediment 
sources and connectivity between rivers, 
floodplains and natural wetland areas, will help 
to provide the spaces in which biodiversity can 
be enhanced.  This approach may need to be 
complemented with planting or reintroduction of 
appropriate native species of plants and animals 
where these have been eradicated or become 
scarce in the catchment, or efforts to remove 
invasive species, but it is beyond the scope of 
this study to make specific recommendations 
on such measures, which would require 
appraisal by an ecologist with Panama-specific 
knowledge.  Guidance on tree and plant 
species of the city of Panama is available in the 
Municipality of Panama, whilst Annex 1 of the 
Waterfront Conceptual Plan (2019) includes a 
pictorial guide to key plant and animal species 
of the Bay of Panama.

The Tocumen and Tapia rivers display a varied 
morphology. In some places this is good, whilst 
in other areas external factors and human 
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influences impact the existing morphological 
condition.   Typically, throughout its upper 
extents, the channels of the Tocumen and Tapia 
rivers exhibit characteristics of plane-bed or 
pool riffle morphologies.  The main local and 
catchment controls that seem to influence the 
processes and responses of the studied upper 
reaches, are channel gradient and floodplain 
characteristics, with the steeper channels in 
confined valleys lending themselves to plane-
bed morphology.

In some of the lower gradient reaches, such 
as Reach Tocumen 3 and Tocumen 4, the 
gradient would be more characteristic of 
active meandering channels.  Local controls, 
such as the banks concreted over, land-
use or urbanization, lack of riparian cover, 
over-steepened banks due to bed incision, 
straightening of the channel, may be 
contributing to the different responses observed 
in these two lower reaches. 

The bed substrate of the Tocumen upper and 
middle reaches (including Tagarete river) is 
characterized by an open gravel/ cobble bed 
interspersed with sand in the upper reaches. 
There is some evidence of coarse sediment 
transport, although depositional features are 
not extensive and most sediment transport 
is restricted to finer grain sizes such as sand 
and silts.

Sediment transport in the middle reaches 
is restricted by the ford upstream of the 
confluence of the Tapia and Tocumen rivers.  
This ford across the width of the river will stop 
sediments being transported downstream at low 
or normal flows, producing some depositional 
features upstream of the structure – Reach 
Tocumen 3. 

In the lower basin – Reach Tocumen 4 - 
fine sediment appears to be an issue, with 
a noticeable increase in silt between the 
confluence of the Tapia and Tocumen rivers 

and the sea. Fine sediment can be generated 
from poor land-use practices operating in the 
catchment, (for example a lack of sediment 
control measures during construction), and 
transported into the river system via its 
tributaries, urban drainage systems or overland 
flows. Given the ford structure in place in 
the Tocumen river, it is likely that most of the 
fine sediment from the upper catchments 
is currently being transferred from the Tapia 
catchment.  Poor land-use practices can also 
input fine sediment locally, such as by clearing 
of the banks for urbanization where sediments 
are left bare and prone to be transported to river 
system by rainfall events, which is currently 
happening on the floodplain west of the River 
Tocumen along reach Tocumen 4.  The majority 
of the floodplain associated with the Tocumen 
and Tapia rivers within the study are is currently 
non-functional due to dysconnectivity – e.g. 
concrete banks, incised channel - which 
exacerbates in-channel sedimentation by 
preventing deposition of fines on the floodplain 
during flood flows, meaning that most of the fine 
sediment is transported downstream.

For the purposes of this assessment it has 
been assumed that all existing urban extents 
will remain, i.e. that the measures proposed will 
not require resettlement of existing populations 
living within floodplains (although there is legal 
scope for this within the MIVIOT regulations 
for ‘Non-Mitigable Flood Risk Zones’, see 
section 6.4.2).  Consequently, the proposed 
measures are limited to those reaches where 
urbanization does not yet encroach close to 
the river channel. Within the study area, two 
locations with the potential for large-scale 
restoration opportunities – in reach Tocumen 2 
and Tocumen 3- have been investigated and are 
presented below.  

Any potential changes in land use and 
floodplain connectivity would need to be 
agreed with landowners and the government.  
In certain locations, there is a need for 
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existing modifications to remain to protect 
infrastructure and buildings from flood risk and 
excessive erosion.  Small scale hydromorphic 
improvements have been presented that could 
be made along the Tocumen river to address the 
hydromorphic pressures, enhance biodiversity 
and promote system naturalization.

8.2.1 Reach Tocumen 2  
Restoration opportunities

Completely removing the embankments 
in this reach would be preferred from a 
geomorphological viewpoint; however, this is 
unlikely to be feasible, given their function as 
flood risk mitigation for the urban area east 
of the Tocumen river in this upper section of 
reach Tocumen 2.  The floodplain on the west, 
however, is not urbanized and allow creation 
of some flood storage on the floodplain by 
creating some reconnection features.  This area 
was quarried for clay in the recent past, and 
there are still vestiges of the mine activity. The 
topography indicates that there may be spoil 
deposited in parts of the floodplain. However, 
there are lower areas that could be emphasized 
in order to create more storage – where the 
new backwater and wetland features have been 
presented in Figure 8-1. Currently, as some 
of the photographs in Figure 8-1 below show 
much of this part of the floodplain west of the 
river has limited riparian vegetation. 

Lowering the ground and the banks in the 
southern part of the meander would allow 
activation of a limited floodplain during high 
flows, partially restoring natural connectivity 
and allowing riparian and wetland habitats to 
develop.  This land is designated as suitable 
for urban expansion in the draft Local Plan, 
however it is envisaged that there is potential to 
combined some properly zoned development 
with a public open space designed to reduce 
flood risk, enhance biodiversity and provide 
much-needed amenity space in this densely 
populated part of the city.

8.2.2 Reach Tocumen 3  
Restoration opportunities

In terms of hydromorphic functioning, the 
preferred opportunity for this reach would be to 
restore the river’s former sinuosity by creating a 
new channel in the floodplain on the west of the 
Tocumen river, upstream its confluence with the 
Tapia river.  The figure below shows an existing 
paleo channel or historic course mapped from 
the MDTPan DTM. This show how sinuous the 
river used to be.

However, restoration of the river’s former 
sinuosity is not deemed feasible given the 
concrete embankments and the airport facilities.  
Instead the restoration opportunity in this reach 
should focus in connecting the Tocumen and 
Tapia rivers with this part of their floodplain, 
which already holds a very important storage 
role within the study area. 

Currently on this part of the floodplain the 
footprint of a small tributary – name unknown 
– of the Tocumen river is in place and is 
covered by forest and grassland, although 
significant areas have been raised by landfilling.  
The woodland and grassland area could be 
enhanced by re-connecting the rivers to their 
floodplain, emphasizing the lowers areas in 
order to create wetland habitats and enhance 
biodiversity (Figure 8-2).

The Tocumen river is currently connected to 
the floodplain on the west where the lower 
banks heights are at approximately 676388 
1000636 UTM (approximately at cross section 
0203301 in Figure 8-2). A better connection 
would need to be built by widening the 
connection point to avoid erosion.  For the 
Tapia river, to gain extra connectivity, its 
riverbanks would need to be lowered.

As with Reach 2, this land is designated as 
suitable for urban expansion in the draft Local 
Plan.  The Technological University of Panama 
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Figure 8-1: Reach “Tocumen 2” Indicative restoration opportunities
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Figure 8-2: Reach “Tocumen 3” Indicative restoration opportunities
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(UTP) and the Tocumen Airport are understood 
to have significant land holdings in this area.  We 
envisage that there is potential to combine some 
properly zoned development with public open 
space designed to reduce flood risk, enhance 
biodiversity and provide much-needed amenity 
space in this densely populated part of the city.

8.2.3 River Restoration Options: Risks 
and Opportunities

Reconnecting the floodplain and old channels to 
the river carries a number of significant benefits.  
However, due to the scale of the work required 
there are also a number of potential constraints.

Benefits

• Reduced energy in main channel leading 
to development of gravel features and 
stabilization of eroding banks if there would 
be some. Increase in prevalence of gravel 
features in main channel likely to improve 
the species habitat 

• Opportunity to naturalize floodplain and 
introduce varied wetland, grassland and 
woodland habitats with consequent increase 
in diversity and abundance of invertebrate 
prey species 

• Creation of high flow with associated 
habitats. In terms of fisheries these will be 
particularly valuable for juvenile fish in higher 
flows as nursery habitat and refuge area

• Creation of temporal and habitat variety 
across the floodplain, important for the 
millions of local and migratory birds 

• Opportunity to establish some connection 
between the green ecosystems surrounding 
the city - i.e., Parque National Camino de 
Cruces, Parque Nacional Soberania, Parque 
Natural Metropolitano and the Ramsar site 
Humedal Bahia de Panama

• Opportunities to integrate public recreational 
space and walking / cycling routes  

• Improved local flood capacity

Constraints

• Short term disruption to gravel transfer 
downstream may cause bed disruption, but 
unlikely to result in significant impacts, when 
undertaken with appropriate mitigation

• Risk of sedimentation if the sediment flux 
is split between two channels if the paleo 
channel is connected to the main channel at 
its upstream end

• If the channel is particularly incised and 
disconnected, reconnection may not be 
possible. 

• Minor, localized disturbance to species and 
habitats during works

• Some loss of developable land

• The floodplain reconnection might not be 
enough to adequately address the flood risk 
in the surrounding areas

8.3 Opportunities for 
improving surface 
water management in 
urban developments

Stormwater systems in Panama City have, in 
common with most cities in the world, been 
developed following the philosophy of draining 
surface water away from developed sites as 
rapidly as possible using engineered structures.  
In Panama, the drainage system primarily 
relies on concrete-lined open channels and 
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below-ground pipes and culverts.  Most of the 
Tocumen catchment has steep to moderate 
catchments, and therefore most drainage is by 
gravity, outfalling into watercourses.

This traditional approach to surface water 
drainage brings with it a wide range of problems 
for both the human population and the natural 
environment:

• During intense rainfall, runoff into rivers and 
watercourses is both greater in volume and 
more rapid than in the pre-developed case, 
leading to higher peak flows and increased 
probability of flooding occurring.

• There is reduced recharge of groundwater 
and therefore, during the dry season, 
reduced base flows in the rivers.  This can 
restrict opportunities for macro-invertebrates 
and fish to thrive, and on bird species which 
feed on them.  

• Runoff from urbanized surfaces includes 
high concentrations of sediments, nutrients 
and contaminants from domestic, industrial 
and transport activities.  Because the 
drainage systems are designed to promote 
rapid runoff, there is limited potential 
for settlement and separation of these 
contaminants before they are flushed into 
the rivers and the sea.  

• Foul and surface water drainage systems 
are largely separate, in the Tocumen 
catchment, however in some locations 
untreated sewage is discharged directly 
into watercourses, and anecdotal 
evidence indicate there may be issues with 
misconnections of foul drainage to surface 
water drains.

Sustainable Drainage Systems (SuDS), also 
known as Best Management Practices (BMPs) 
in the USA or Water Sensitive Urban Design 
(WSUD) in Australia, are an approach to 

managing surface water drainage which seeks 
to reproduce the natural forms of hydrological 
processes which would have prevailed prior 
to development.  Typical design objectives of 
SuDS include:

• Using storage and/or infiltration to control 
peak runoff, ideally to that which would have 
discharged from the site in its pre-developed 
(greenfield) state.  

• Providing the opportunities for sediment and 
contaminants to be deposited, filtered out or 
biodegraded.

• Integrating SuDS into landscaping to 
provide multi-functional spaces which also 
bring biodiversity, amenity, air quality and 
cooling benefits.

SuDS can be considered to be a form of hybrid 
infrastructure, since they typically include a 
mixture of natural features including ponds, 
open channels and trees, with constructed 
components including pipes, permeable paving 
and flow control devices.  

Adoption of SuDS as a preferred approach to 
urban drainage has been growing in developed 
economies for around 30 years, and there is a 
large body of design guidance available (e.g. 
Woods-Ballard et al 2015, City of Chicago 
undated).  Increasingly there is interest in and 
application of SuDS in developing countries, 
notably the “sponge cities” initiative in China 
(e.g. Lashford et al 2019).  

The adoption of SuDS in Panama is in its early 
stages, and techniques will need to be adapted 
to suite the local climate and social attitudes.  As 
discussed in section 6.4.3, the Dialogos del Agua 
initiative has recommended the adoption of SuDS.

To achieve the full benefits that SuDS could 
bring to the city and its watercourses, 
consideration should be given to both applying 
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Figure 8-3: Examples of SuDS and Water Sensitive Urban Design

Chulalongkorn University Centennial Park, Bangkok, Thailand.  © Landprocess

Bridget Joyce Square, London, UK.  © Susdrain  

City of Knowledge, Panama.  © JBA Consulting
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SuDS on new developments and on retro-
fitting SuDS into existing urban spaces.  The 
greatest opportunities for retrofitting tend to 
come where there are substantial areas of public 
space including road verges, pavements and 
parks, which can be adapted to include SuDS.  
Panama City does not have large amounts of 
such spaces, and retrofitting of SuDS may be 
a significant challenge.  One possible source 
of inspiration is Ciudad del Saber which, whilst 
based on a core drainage system based on 
concrete lined channels, already has examples 
of using surface water to enhance the large 
open spaces between buildings.

It is likely that the early adoption of SuDS will 
be focused on new, large development sites.  
For this reason, it is recommended that the 
potential benefits of SuDS in reducing runoff 
from newly urbanized sites is tested in the 
future scenarios modelling.

8.4 Conclusions
• This section summarizes and presents two 

restoration opportunities prepared for the 
Tocumen and Tapia rivers within the model 
extent.

• This study utilizes existing knowledge 
and provides insight into the physical 
pressures affecting the Tocumen and Tapia 
catchments.  This has enabled better 
understanding of the river system and 
the identification of potential options for 
restoration.  It is intended for this study 
to provide a first assessment of potential 
restoration options.  Floodplain restoration 
at two large sites in Tocumen reaches 2 and 
3 have been tested in the hydrodynamic 
model as a part of the future scenarios 
described in section 9.  

• Restoration opportunities have been 
based on a targeted assessment of the 

River Tocumen and Tapia rivers.  These 
have focused on currently undeveloped 
parts of the floodplains, and therefore 
would not result in major disruptions 
of current population, and indeed offer 
great potential for public open spaces, 
walking and cycling routes.  Although the 
reach-scale assessment is targeted, it is 
supported by an understanding of the local 
and wider catchment controls developed 
via a conceptual model of the catchment 
informed by desk-based research.

• In order to determine the true benefit of the 
recommended interventions and assess 
which would provide the most environmental 
benefit at a reasonable cost, a full cost 
benefit analysis is recommended.  Some 
of the measures for river or floodplain 
restoration recommended in this report 
could be implemented with minimal cost 
and effort, however they will require further 
assessment to identify and assess local 
constraints.  Some will also require design 
work before installation.

• It is important to considered that these 
options are not intended to be the sole 
solution to manage flood risk in the 
catchment.  Whilst the different pressures in 
the basins do not allow the natural processes 
to be fully reinstated, these two restoration 
opportunities provide a way to enhance 
some local healthy interactions within the 
system which will provide a more resilient 
environment, which will make it easier to deal 
with the stresses of climate change. 

• The restoration opportunities proposed are 
closely associated to Strategies #3 and #4 
proposed in the Waterfront Plan (Panamá 
al Frente), to overcome the challenges that 
the City of Panama currently faces with 
regards to its lack of suitable public spaces 
and public spaces related to water and 
its disconnection to its coast, rivers and 
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wetlands (World Bank, 2019b). The report 
highlights the importance and impact that 
the riparian vegetation and in general the 
protection of the green habitat surrounding 
the city has for the conservation and 
diversity of the flora and fauna of the area.  
Also, the impact and ecological services that 
it provides to the community. 

• There is currently very limited public access 
to the rivers, woodland and mangroves 
along all the study area. This increases 
the indifference and disengagement of the 
communities to their surroundings natural 
riverine and mangrove habitat-i.e., deliberate 
damage cause to the mangrove habitat, 
contamination of the rivers with solid waste 
(World Bank, 2019b), etc. - which would 
negatively affect these fragile ecosystems.  

• Sustainable Drainage Systems (SuDS) 
are an approach to urban drainage which 
seeks to replicate the natural drainage 
processes which would have prevailed prior 
to urbanization.  They have the potential to 
contribute to managing flood hazard as well 
as providing multiple other benefits including 
improved water quality, amenity space, 
biodiversity, air quality improvements and 
cooling.  The flood risk benefits of applying 
SuDS to large-scale new developments 
has also been tested in the future scenarios 
(section 9).
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ASSESSING 
FUTURE 
SCENARIOS
9.1 Introduction
Following assessment of flood risk and hazard 
in the present-day, and characterization 
of change in extents and condition of the 
mangroves, riparian vegetation and upper 
catchment forests, the study moved on to 
consider changes in flood hazard and risk for 
the year 2050, considering potential changes 
in population, land use, planning and flood risk 
management practices and climate.  

Three potential future pathways for development 
within the catchment were considered, based 
on the three scenarios tested in the IDB ESCI 
(2016) study:

• Business-as-usual scenario: This foresees a 
continuation of business-as-usual in terms of 
continued urban expansion, degradation of 
the natural environment and highly vulnerable 
development in areas at risk of flooding.

• Optimum scenario: A scenario based on a 
challenging but achievable application of 
good practice in planning, environmental 
protection and restoration and urban 
design, in which urban development is 
managed to the benefit of all people, 
and the limits of ecological systems are 
respected and protected.

• Planned scenario: This intermediate 
scenario recognizes the need to improve the 
sustainability of development significantly 
above present-day levels, but recognizes 
that the objectives of the optimum scenario 
may not be realistic with the plan period 

to 2050. Engagement with residents and 
political organizations identified this as the 
most-favored option.  For the purpose of 
this study, this scenario draws heavily on 
the plans and policies of the draft Local 
Plan (Plan Distrital). Whilst at the time of 
writing this was under review by the new city 
administration, it remains the most detailed 
plan of future land use in the city.

Note that the Spanish names of the scenarios are 
derived from the IDB ESCI work, a key part of the 
evidence based for the Local Plan. The Spanish 
names and short codes are used in some figures, 
appendices and data outputs. Table 9-1 provides 
the translations of these scenario names, and 
also the short code which is used on some 
figures and in the model data and outputs.

Spanish name English name Short code

Línea base Baseline

Escenario tendencial Business-as-usual 
scenario

Escenario inteligente Planned scenario

Escenario óptimo Optimum scenario

BL

TE

IN

OP

4 https://climateknowledgeportal.worldbank.org/country/

panama/climate-data-projections?variable=pr  

Table 9-1: Scenario translations  
and short codes 

9.2 Climate change

9.2.1 Precipitation and runoff

The potential impacts of Climate Change on 
rainfall seasonality, variability and intensity 
were explored using the World Bank Group's 
Climate Change Knowledge Portal (CCKP)4.  
Published in 2014, the CCKP was created by 
The World Bank to provide an online platform to 
access predictions of Climate Change impacts 
on precipitation and temperature at a range 
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of spatial scales (Harris et al., 2014).  The site 
compares predicted future precipitation and 
temperature statistics against a historic data 
record representing current climate conditions, 
presented at a 1°x1° global grid spacing.  
Current climate statistics are based on a globally 
available dataset of observations, with baseline 
statistics analyzed for the period 1986 to 2005.  
Climate predictions are based on the Coupled 
Model Intercomparison Project Phase 5 (CMIP5). 
Results are presented for a range of Relative 
Concentration Pathways (RCPs) known as RCP-
2.6, RCP-4.5, RCP-6.0 and RCP-8.5.  Results 
are presented from 35 individual climate models, 
as well as for an ensemble of 16 of these models 
which could provide data for the full range of 
RCPs in 20-year time windows up to 2099.

change in the ensemble median for monthly 
rainfall, although with a wide range of 
possible decreases or increases in monthly 
precipitation in the 10-90th percentile range 
(up to -115mm to +93mm in July).

• There is virtually no change predicted in the 
number of days with >20mm and 50mm of 
rainfall.

• The ensemble predicts a gradual increase 
over time in the number of consecutive dry 
days (increasing by a median of 4 days by 
2050), but virtually no change in the number 
of consecutive wet days.  

• Of most relevance to flood risk in the 
Tocumen catchment, the predicted change 
in maximum daily rainfall with a 1 in 10-
year and 1 in 25-year return period predicts 
sub-millimeter changes in the median of all 
models, but with 10-90th percentile ranges 
in the order of 100mm (Figure 9-2).

The CCKP modelled outcomes are presented as 
changes in rainfall depth over one day for the 1 
in 10-year and 1 in 25-year return period events.  
The percentage change relative to present-day 
maximum daily rainfall was derived, in order that 
this could be applied as a percentage uplift to 
events of a shorter duration, using the RCP4.5 
(medium-low) and RCP 8.5 (high) emission 
scenarios as the upper and lower ends of the 
possible range of change:

There are uncertainties in using the calculation 
presented above:

• The daily rainfall maxima calculated for this 
study used gauged data specific to the 
catchment, whereas the change in rainfall 
depths presented in the CCKP are based on 
a global precipitation record.  

• Change in precipitation has been calculated 
for maximum daily rainfall, but no data is 

Figure 9-1: Predicted change in monthly 
precipitation, 2040-59 compared to 1986-
2005 (RCP8.5)

Considering the RCP 8.5 scenario ensemble 
(high-end emissions), key statistics of interest to 
the study area include:

• The median of all ensemble models predicts 
a small decrease in annual average rainfall 
of 43mm, however the 10-90th percentile 
range is wide, from -528mm to +2027mm.

• The general seasonality of rainfall in 
Panama is predicted to continue, with little 
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(a) 1 in 10-year return period. For the study catchmentensemble median: -0.2mm

10-90th percentile range: -24.8 to +70.3mm 

(b) 1 in 25-year return period. For the study catchment ensemble median: -0.6mm

10-90th percentile range: -27.7 to +92.7mm 

Source: World Bank Group Climate Change Knowledge Portal

Figure 9-2: Predicted change in Maximum daily rainfall,  
2040-59 compared to 1986-2005 (RCP8.5)

RCP Future change 
percentile from 
ensemble

Return 
period

Future change in 
daily maximum 
rainfall mm/d (a)

Present day 
maximum daily 
rainfall mm/d (b) 

Percentage 
change a/b 
* 100

4.5 (medium-
low) 

8.5 (high) 

10 - percentile

90 - percentile

1 in 10-year -24.8 144.7 -17%

168.3

168.3

-24%

+55%

144.7 +49%

-41.3

92.7

70.3

1 in 25-year

1 in 25-year

1 in 10-year

Table 9-2 Percentage change in maximum daily rainfall  
due to climate change, 2040-59
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available for sub-hourly rainfall.  We have 
assumed, therefore, that the percentage 
change in rainfall will also apply to sub-
daily events but acknowledge that this may 
not be the case. The critical storm duration 
resulting in maximum flood depths and 
extents on the Tocumen is 3 hours.

Given these uncertainties, it was decided to 
test a single rainfall change scenario based 
on a 55% for all return periods, representing 
a probable worst case predicted within the 
parameters of the ensemble of models analyzed 
in CCKP. Whilst the modelling indicates that a 
significant reduction in daily rainfall is equally 
probable within the study area, this has not 
been modelled.  

It should be noted that taking such an 
upper-bounds approach can be considered 
reasonable where the potential impacts are 
high (risk to life, severe damage to property 
etc), and for informing no-regrets or low-
regrets type decisions, for example when 
zoning undeveloped land as floodplain with 
development limited to low-vulnerability or 
water-compatible land-uses.  When considering 
approaches to adaptation, taking an upper-
bounds approach may be appropriate to 
managed-adaptation (for example allowing 
space within floodplains for flood storage areas), 
providing an upper end to what adaptations 
might be required.  When considering design 
of assets where future adaptation may not be 
possible (e.g. when setting the soffit-level of 
a bridge), only considering the upper-bounds 
climate change scenario may lead to over-
design and hence over-adaptation.  

Gross and effective rainfall boundaries for all 
return periods with the climate change uplift are 
tabulated in Appendix E.4. 

The impact of this 55% increase in rainfall 
has the potential to very significantly increase 
the frequency of flood events. As Figure 9-3 

illustrates, for all of the upper catchments, the 
rainfall uplift results in peak flows in the future 1 
in 10-year event exceeding those for the present 
day 1 in 100-year event.  See Appendix E.6 for 
tabulated rainfall runoff results from all climate 
change events.

9.2.2 Sea-Level Rise

The impacts of climate change on relative 
Sea Level Rise (rSLR) have been based on 
data provided by Reguero et al. (2015).5 This 
includes tabulated rSLR on a 50km grid-square, 
for mid-century (2046 to 2065) using RCP 4.5 
(medium-low emissions) and for the end of the 
century (2081 to 2100) for the RCP 4.5 and RCP 
8.5 (high) scenarios.  The paper explains that 
only RCP 4.5 was used for mid-century, as the 
difference between the predicted global mean 
change rSLR for RCP 4.5 and ECP 8.5 was 
small at only 0.04m.

Relative Sea-Level Rise projections for Panama 
City were:

2050 (RCP 4.5)  0.313m

2090 (RCP 4.5)  0.523m

2090 (RCP 8.5)  0.706m

Sea level rise could increase river flooding 
hazard given that the tide may extend a long 
distance to landward, along the fluvial channels. 
Although model results in the current condition 
only show the area of Don Bosco, north of the 
Corredor Sur Highway, that may be susceptible 
to coastal flooding, it is anticipated that 
maintaining the same standard of protection 
against fluvial and coastal flooding along the 
whole study area over time will require a series 
of adaptation actions.

6 Reguero et al. (2015). Effects of Climate Change on 

Exposure to Coastal Flooding in Latin America and the Caribbean
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Figure 9-3: Impact of 55% rainfall uplift due to climate change  
on runoff from the upper catchments
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9.3 Business-as-usual 
scenario
9.3.1 Overview

This scenario represents a continuation of the 
scale and nature of growth and approaches to 
flood risk management seen in Panama City 
over recent decades, including:

• Continued expansion of urban area, 
predominantly into low and medium density 
development.

• Expansion into and loss of storage and 
existing nature-based infrastructure within 
river corridors and the coastal plain.  

• River straightening and canalization remain 
the primary responses to flood risk.

9.3.2 Adapting the hydrological and 
hydraulic models

Uso del suelo

Future urban extents were based on:

• proposed future urban extents within the 
Local Plan, plus

• three layers of future urban extents (supplied 
by Urbanamaps and MUPA), plus 

• the proposed extents of Panatrópolis 
(supplied by POT Panama) plus

• Figure 9-4, dated February 2018, shows 
approved projects from the Territorial Plan 
(Esquema de Ordenamiento Territorial), 
including projects within the mangroves 
at Outlet Mall Panama, Costa del Sol 
(Panatrópolis) and Panama Global City.

• Tocumen International Airport plans to 
construct a new runway 1.5km to the east of 
the exiting runway.

The pressure for development indicated by 
these projects suggests that, by 2050, urban 
expansion could cover all of the mangroves on 
both banks of the Tocumen, in line with recent 
phases of expansion to the west, e.g. Costa del 
Este, Santa Maria Gold and Country Club and 
Plaza Costa Sur.

Urbanized areas were represented in the model 
by the following changes:

• Surface roughness changed to n = 0.055, 
based on a weighted average of 30% 
buildings (n=0.1), 30% green space (n=0.04) 
and 40% roads (n=0.025).

• Percentage runoff changed to 90% (where 
covered by the direct rainfall model).

• Impermeable percentage increased (where 
covered by HEC-HMS hydrological sub-basins).

Rivers

Recent practice has been to canalize 
urban rivers, by a combination of channel 
straightening and realignment within concreted 
banks to create a trapezoidal channel. This 
practice tends to increase conveyance but 
also increases flow velocities and reduces 
or eliminates connectivity between the 
watercourse and its floodplain.   In order to 
represent this practice simply in the hydraulic 
model, without the need to recreate channel 
sections, the channel roughness of all channels 
was reduced to n=0.03 within the existing and 
future urbanized areas of the catchment.

Mangroves

Complete loss of all mangroves.  All land 
modelled as newly developed within coastal 
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zone was raised to a minimum ground level of 
7.3mAD. This level was assessed from recent 
and ongoing landfilling around the Tocumen 
mangroves, including:

• Ongoing landfilling on the right bank of the 
River Tocumen to the south of Corredor Sur 
Highway, where levels are around 7mAD but 
with parts above 8mAD (Figure 9-5)

• Parque Industrial Zona UNO to the south of 
Corredor Sur, where building levels are set at 
around 7.3mAD,

Note that the calculated (present day) 1 in 
1,000-year recurrence sea-level is 3.94mAD, 
and the remaining mangroves are typically 
within the range of 0-3mAD.

Shoreline recession / accretion

The analysis of drivers influencing shoreline 
recession indicates a potential inland recession 
of the shoreline by approximately 137m.  Under 
the Business-as-usual scenario, in which it was 
assumed that all remaining mangroves would 
be landfilled and developed, the main impact 

would be on the required piling depth of sea 
defences around these newly developed areas 
which would be required to resist erosion and 
scour.  This approach would require high levels 
of capital investment, to build the sea defences, 
and operational expenditure to maintain them.  

No physical changes were made to the model.

Upper catchment

Analysis of land cover data (Gordón 2019), 
identified that the area of forest within the 
Tocumen and Tapia catchments declined from 
3,533Ha (56%) in 1986 to 2,296 Ha. (37%) in 
2000 and to 2,237 Ha. (36%) in 2015.  Assuming 
a future continuation of the rate of loss observed 
between 2000 and 2015 (3.93 Ha/year), this 
would equate to a loss of 138 Ha. of forest by 
2050, or 4% of the total upper catchments.  
This was assumed to be all lost to urbanization.  
Whilst in reality, a proportion might be expected 
to be lost to agriculture, the data for 2000 to 
2015 shows an overall reduction in agricultural 
land use within the catchment, indicating that 
urbanization, rather than expansion of agriculture, 
is the dominant driver of land use change.

Figure 9-4: Approved projects (Territorial Plan) 
with focus area on Tocumen catchment
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Figure 9-5: Landfilling within the Tocumen mangroves

Initial modelling tests were carried out using 
this relatively moderate loss of upper catchment 
forest.  However, during the consultations of 
Mission 2, various stakeholders commented on 
the recent rapid rate of urbanization within the 
upper catchments to the east and west of the 
Tocumen and Tapia headwaters.  These include 
both formal settlements (e.g. Los Jardines to 
the north of Pan-American Highway in the upper 
catchment of the Cabra river) and informal (e.g. 
Urbanizacion Monterrico and Aserío).

In order to represent the potential for this scale of 
urbanization within the upper catchments, it was 
assumed that the 2050 urban limits would extent 
as far north as the limits of urbanization in the 
neighboring catchments, as illustrated in Figure 
8-1. Table 8-5 demonstrates how the additional 
urban area was applied to the sub-basins 
covering the upper catchment, and Figure 9-7 
illustrates the results for the 1 in 2 and 1 in 100-
year events. The change in flow is quite subtle, 

probably reflecting that the catchments, being 
steep and having relatively shallow, impermeable 
soils, already have quite high percentage runoff 
(see section 4.5.3).  The modelled difference is 
greatest in the Tapia catchment, where peak 
flows in the 1 in 2-year event increase by 8%, 
and by 4% in the 1 in 100-year.

9.3.3 Adapting the risk assessment

Population

Gordón (2019) reports population estimates 
produced by CONADES7, which estimate 
that the population of the Tocumen and Tapia 
catchments will rise from 868,041 in 2010 to 
1,392,606 by 2050.

7 CONADES. (2017). Plan Nacional de Seguridad Hídrica: 

2015- 2050. Agua para todos. Panama. Retrieved from http://

www.oas.org/en/sedi/dsd/IWRM/Documentspot/Primer Plan 

Nacional de Seguridad Hidrica de la Republica de Panama.pdf
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Figure 9-6: Future urban extents in the upper catchments, Business-as-usual scenario

Table 9-3: Application of additional urban area to upper catchments (Business-as-usual scenario)

Area (km2)Sub-basin Urban area (2018)

km2 % %Adittional (km2) Total (km2)

Urban area 2050 (Business-as-usual scenario)

2.23

0

1.12

0.04

3.39

Tapia

Tocumen upper

Tagarete

Tocumen tributary

TOTAL

12%

0%

38%

1%

9%

18.52

11.65

2.93

3.85

36.95

13.59

3.30

1.81

1.76

20.47

15.82

3.30

2.93

1.80

23.86

85%

28%

100%

47%

65%
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Figure 9-7: Impact of modelled urbanization in upper catchments
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The following procedure was applied:

1. Within newly urbanized areas, a population 
density was applied equivalent to the baseline 
(2018) density for the Barrio they are within or 
adjacent to. 

2. The resulting total catchment population 
was calculated and factored (for existing and 
newly urbanized areas) to meet the population 
projection for the catchment.

Vulnerability

Continuation of existing trend for low quality, 
highly vulnerable buildings in areas of low socio-
economic class.  Apply vulnerability functions 
equivalent to those used in the Barrio they are 
within or adjacent to.

9.4 Planned scenario 
9.4.1 Overview

The Local Plan, prepared by the Municipality of 
Panama, represents a significant step forward 
in the zoning and planning of the city, with the 
potential to bring significant benefits, including:

• Objectives to enhance the water quality and 
appearance of streams, river, lakes and the 
coastline. 

• Defines areas of protection for waterbodies, 
(3H - Áreas de protección de los recursos 
hídricos) including:

 - o Rivers and streams. In 
accordance with existing law, these 
are defined as the area of natural and 
engineered channels, with a forested 
buffer strip, on both banks, equivalent to 
the width of the channel, which should 
be at least 10m.

 - o Lakes and lagoons.  Here a 100m 
buffer zone is required.

• The coastal zone.  This has been defined 
using national topographic mapping from 
Instituto Geográfico Nacional (ING) and 
satellite imagery.      

• It defines land at risk of flooding in a 1 in 100-
year fluvial event (5R-U: Zona Condicionada 
por Riesgo de Inundación), and requires 
these to be managed  similar to the Áreas 
de protección de los recursos hídricos, with 
the objective of steering their use towards 
appropriate uses including public open space 
and of only permitting other development in 
these areas where it can be demonstrated, 
to the satisfaction of the planning and 
environmental bodies (MiAmbiente, 
SINAPROC and the Municipal Urban 
Planning Directorate) that the development 
remains safe from fluvial and pluvial flood 
risk in a 1 in 100-year event, and does not 
increase risk to neighboring properties.

• Defines natural areas under protection.  
Within the Tocumen catchment, these 
include:

• Coastal and wetland areas under protection 
(3A-AMMC: Áreas Especiales de Manejo 
Marino-Costero y Áreas de Humedales), 
corresponding to the Refugio de Vida 
Silvestre Bahía de Panamá.  

• Nationally protected areas (3A-SINAP: Áreas 
del Sistema Nacional de Áreas Protegidas), 
corresponding to the Chagres National Park, 
which includes part of the upper catchment.  

The purpose of this scenario was to test and 
quantify the benefits of the approach proposed 
by the plan, but also to identify any potential 
weaknesses it may have in terms of flood risk 
management and integration of nature-based 
solutions.  Some of the protections offered 



169

THE WORLD BANK

under the Plan have been legally in place for 
a number of years, but they have not always 
been enforced, as it evidenced by the recent 
and ongoing landfilling within the mangroves of 
the Refugio de Vida Silvestre Bahía de Panamá. 
In this scenario it was assumed that the plan 
would prevent further inappropriate development 
within protected areas, but would not include 
restoration of natural habitat where it has been 
damaged or destroyed by existing development.

9.4.2 Adapting the hydrological  
and hydraulic models

Land use

Future urban extents were based on existing 
urban extents (1. Suelo urbano) and land 
defined as suitable for urbanization (2. Suelo 
urbanizable) by the Local Plan.

Urbanized areas were represented in the model 
by the following changes:

• Surface roughness changed to n = 0.055, 
based on a weighted average of 30% 
buildings (n=0.1), 30% green space (n=0.04) 
and 40% roads (n=0.025).

• Percentage runoff changed to 90% (where 
covered by the direct rainfall model).

Rivers

It was assumed that application of the Local Plan 
would prevent further canalization of river channels 
and encroachment of development within the 
areas of protection for hydraulic resources, but 
would not lead to restoration of channels or 
floodplains. Therefore, no physical change to the 
river channels was applied in the model.

Mangroves

• It was assumed that no new development 
would be permitted within the protected 

area of the Refugio de Vida Silvestre Bahía 
de Panamá.

• It was assumed that, as a result of managed 
development within and close to the 
mangroves, further deterioration of their 
condition would be prevented.

• Consequently, no changes from the base 
case were made to the topography or 
roughness of the mangroves in this scenario.

Shoreline recession / accretion

The analysis of drivers influencing shoreline 
recession indicates a potential inland recession 
of the shoreline by approximately 47m. This was 
modelled by lowering the model grid by 0.31m at 
the coastal boundary, tapering in to 0m change 
at a line 47m inland from that boundary.

Upper catchment

Here it was assumed that the Plan would 
prevent further development within the 
protected Chagres National Park, and 
consequently no changes were made from the 
base case.

9.4.3 Adapting the risk assessment

Population

Gordón (2019) reports population estimates 
produced by CONADES , which estimate 
that the population of the Tocumen and Tapia 
catchments will rise from 868,041 in 2010 to 
1,392,606 by 2050 (38% increase).

The following procedure was applied:

1. Within newly urbanized areas as defined 
by the Plan, a population density was 
applied equivalent to the baseline (2018) 
density for the Barrio they are within or 
adjacent to. 
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2. The resulting total catchment population 
was calculated and factored (for existing 
and newly urbanized areas) to meet the 
population projection for the catchment.

Vulnerability

Here it was assumed that the Local Plan would 
ensure that all future construction would conform 
to existing formal building codes, and therefore 
the vulnerability function for formal, brick or block-
built homes was applied to all new dwellings.  No 
change to building codes to make housing more 
climate resilience was assumed in this scenario – 
that was reserved for the Optimum scenario.

9.5 Optimum 
scenario 
9.5.1 Overview

This scenario, in line with the optimum or smart 
scenario considered in the IDB ESCI study, 
builds upon the Local Plan scenario, to include 
restoration of degraded natural habitats, with 
the objectives of improving their ecosystem 
services, with particular focus on managing 
flood risk and erosion.

9.5.2 Adapting the hydrological  
and hydraulic models 

Land use

Future urban extents were based on existing 
urban extents (1. Suelo urbano) and land 
defined as suitable for urbanization (2. Suelo 
urbanizable) by the Local Plan.

Urbanized areas were represented in the model 
by the following changes:

• Existing development within the park 
polygon (notably warehouse and landfills 

to the south of Corredor Sur Highway) 
would be removed, returned to natural 
ground levels and to mangrove or wetland 
vegetation.  

• Increase in roughness to n=0.15 in order to 
represent increased density of vegetation as 
a result of improved health and increased 
biodiversity.

Rivers

On top of the protections afforded by the 
Local Plan, space available, within the fluvial 
floodplain, was considered for restoration 
to improve connectivity between the river 
and floodplain and to slow-down and store 
flood peaks to reduce risk to downstream 
communities.  Within the modelled extents, 
urban development encroaches to within 
a few meters of the river channels in most 
places, however two opportunity areas were 
identified:

• The presently undeveloped meander on the 
right bank of the Tocumen river, immediately 
south of the Pan-American Highway bridge.  
Here there is an opportunity to reduce 
flood risk downstream. This area also has 
potential to provide open and recreational 
space to residents of Altos de Tocumen and 
Residencial Punta del Este.

• Land between the Tocumen and Tapia rivers 
just upstream of their confluence. Here 
there is an opportunity to reduce flood risk 
to the airport and Los Robles districts. This 
area also has potential to provide open 
and recreational space to residents of Los 
Robles and Los Robles Sur.

Details of these proposed floodplain restoration 
schemes are given in section 8.2.  Note 
that, in both cases, these sites are currently 
designated as suitable for urbanization in the 
Local Plan.
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Mangroves

• The Panamá al Frente plan for the waterfront 
envisages a new wetland park spanning 
between the Juan Diaz and Tocumen rivers.  
Infrastructure in this area would be limited 
to paths for pedestrians and cyclists, a 
nature study center and a new jetty for 
connecting the park with the waterfront via 
small passenger boats (see Figure 9-8). Any 
development would be designed to have 
minimal negative impacts, and could have 
the potential to raise revenue, donations 
and volunteering resources to undertake 
rehabilitation works. 

• Existing development within the park 
polygon (notably warehouse and landfills 
to the south of Corredor Sur Highway) 
would be removed, returned to natural 
ground levels and to mangrove or wetland 
vegetation.  

• Increase in roughness to n=0.15 in order to 
represent increased density of vegetation as 
a result of improved health and increased 
biodiversity.

Shoreline recession / accretion

The analysis of drivers influencing shoreline 
recession indicates a potential accretion (extension) 
of the shoreline by approximately 103m, even 
allowing for predicted seal-level rise to 2050. This 
was modelled by raising the model mesh by 0.69m 
at the coastal boundary, tapering in to 0m change 
at a line 103m inland from that boundary. 

Upper catchment

Here it was assumed that the Plan would 
prevent further development within the protected 
Chagres National Park, and consequently no 
changes were made to the flows from the upper 
catchment compared to the base case.

Figure 9-8: Waterfront plan proposals in Polygon 9 (Tocumen)

Source: World Bank (2019b)
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Table 9-4: Summary of future scenarios

Scenario

Business-as-
usual scenario

Planned 
Scenario

Optimum 
Scenario

Characteristic

Climate Change  
and Sea Level Rise

Land use

Rivers

Mangroves

Shoreline recession / 
accretion (see section 
9.7.3 for details of how 
these were calculated)

Upper catchment

Population and Exposure 

Vulnerability

2050 (CC RCP8.5, SLR 
RCP4.5)

Expansion of urban extents 
to include areas identified for 
development within Local Plan 
plus other mapped extents e.g. 
Panatrópolis

Canalization of all rivers in 
urbanized areas.

Continued landfilling within 
mangroves including protected 
areas.

No changes to the model - 
assumed that all newly  
raised areas would be  
fronted by coastal  
defences.

Continued deforestation  
based on historic trends, 
equivalent to a loss of  
138 Ha. Modelled as a 4% 
increase in urban area in 
modelled sub-basins.  

Increase to projected 2050 
population of 1,392,606.  
Density in newly expanded 
areas based on neighboring 
districts.

Continuation of existing trend 
for low quality, highly vulnerable 
buildings in areas of low socio-
economic class.  

2050 (CC RCP8.5, 
SLR RCP4.5)

Expansion of urban  
extents to include areas 
identified for development 
within Local Plan.

Protection of river corridors 
as defined in Local Plan

No additional development 
within existing protected 
areas.  Further deterioration 
of condition prevented.

Recession of 47m modelled 
by lowering model mesh.

Protection in areas 
designated with Local Plan - 
no changes.

Increase to projected 2050 
population of 1,392,606.  
Density in newly expanded 
areas based on neighboring 
districts.

Assumed that the Local Plan 
would ensure that all future 
construction would conform 
to formal building codes.

2050 (CC RCP8.5, 
SLR RCP4.5)

Expansion of urban  
extents to include areas 
identified for development 
within Local Plan, with the 
exception of large natural 
floodplains.

Natural restoration of river 
floodplain in two locations. 

Expand mangroves to  
cover whole area identified 
in the waterfront plan 
(Panamá al Frente).  Increase 
roughness to represent 
improved biodiversity 
and health of the overall 
ecosystem.

Accretion of 103m modelled 
by raising the model mesh.  

Protection in areas 
designated with Local Plan - 
no changes.

Increase to projected 2050 
population of 1,392,606.  
Density in newly expanded 
areas based on neighboring 
districts.

Assumed that the Local Plan 
would ensure that all future 
construction would conform 
to formal building codes.
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9.5.3 Adapting the risk assessment

Population

Application of increased population was the same 
as for the Planned scenario, with the exception 
that, under the Optimum scenario, development 
would not be permitted within the two areas tested 
for fluvial channel and floodplain improvements.  
Consequently, overall population density was 
assumed to be greater than in the Local Plan.

Vulnerability

As with the Planned scenario, it was assumed 
that the stronger planning regulation would 
ensure that all future construction would 
conform to formal building codes, and therefore 
the vulnerability function for formal, brick or 
block-built homes was applied to all new 
dwellings.  It was also assumed that the building 
codes would be improved to include a level 
of climate resilience. As a minimum, this was 
considered to include setting internal finished 

floor levels to 300mm above the surrounding 
ground level.  The impact of this was modelled 
by creating a modified vulnerability function, 
where damages are zero at 300mm depth.

9.6 Summary of 
future scenarios
The representation of future scenarios is 
summarized below in Table 9-4. Changes to the 
land-use based runoff characteristics across 
the catchment are illustrated in Figure 9-9 and 
Table 9-5.

9.7 Modelling the 
future scenarios
This section provides additional technical detail 
on how the models were adapted to represent 
future scenario conditions.

Table 9-5: Changes in land use (for direct rainfall runoff calculation)  
between the baseline and three future scenarios 

Baseline (BL)2D Domain Business-as-usual (TE) Planned (IN) Optimal (OP)

AirportAir_1 Airport Airport Airport

UrbanCoast_3 Rural Rural Manglar

UrbanTapia_1 Urbano Urban Urbano

UrbanTocu_2 Rural Rural Forest

RuralAir_2 Rural Rural Rural

UrbanCoast_4 Rural Urban Rural

UrbanTapia_2 Rural Rural Forest

UrbanTocu_3 Rural Urban Forest

UrbanCoast_1 Mangrove Urban Mangrove

UrbanTapia_3 Rural Urban Rural

UrbanTocu_4 Forest Urban Forest

UrbanCoast_2 Mangrove Mangrove Mangrove

UrbanTocu_1 Urbano Urban Urban
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Figure 9-9: Changes in land use (for direct rainfall runoff calculation)  
between the baseline and three future scenarios

Baseline (BL)

Planned scenario

Business-as-usual scenario

Optimum scenario
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9.7.1 Modelling the impacts  
of climate change

Impacts of climate change were modelled in  
two ways:

Modelling climate change impacts on the 
baseline model

In order to test the impacts of climate change in 
isolation from other potential changes within the 
catchment, the model was run for the 1 in 10-
year, 30-year and 100-year rainfall events with 
the 55% uplift in rainfall depths, coupled with 
the mean tidal boundary with the 0.313m uplift 
on sea levels. This represents the 2050 climate 
change scenario.

In addition, in order to test the more extreme 
impacts of sea-level rise on tidal flooding, the 
model was run with a river base flow and the 1 
in 1,000-year tidal boundary, with a sea-level 
uplift of 0.706m, representing the probable 
worst case scenario for sea levels in 2090. 

Appendix E includes all of the climate change 
boundary conditions for design rainfall and net 
rainfall for the direct rainfall onto the 2D model 
(E.4), rainfall-runoff (E.6), and tidal boundaries 
(E.10).

Modelling climate change impacts  
in the context of social, economic  
and environmental change

In order to test the simultaneous and combined 
impacts of climate change and other forms 
of change, the model was run for the 1 in 10-
year, 30-year and 100-year return periods, 
using a combination of 2050 precipitation 
uplift and relative Sea-Level Rise, and the 
social, economic and environmental change 
envisaged under the three future scenarios.  
These were run for all return periods.  The 
three scenarios are described in detail in the 
following section.  

9.7.2 Modelling future topographic 
changes due to urbanization

Another important change in the model in 
comparison to the baseline were the changes 
in the topography.  Each of the future scenario 
required some degree of modifications in the 
topography.  Figure 9-10 shows seven profiles 
lines which show how the modification of the 
DTM were applied. Changes to the DTM were 
applied to represent two types of change:

• Land raising as a result of urbanization, and 

• Changes as a result of coastal erosion or 
accretion (see next section 9.7.3).

As has been observed from various sources of 
DTM data, site observations and discussions 
with stakeholders, development in Panama 
City, in particular in the coastal plains and river 
floodplains, is preceded by a phase of land-
filling to raise and level the ground.  In many 
cases this results in an extreme modification 
of the natural topography and hence drainage.  
Therefore, when modelling new urbanizations 
in the Planned Scenario and Business-as-usual 
(represented by grey hash polygons in Figure 
9-9) the ground levels of these areas where new 
urbanizations were meant to be developed, 
were raised as follows.

• New levels were taken from the vicinity of 
the area in context.  

• 2D flow area Tocu_2: In Business-as-
usual scenario, to account for the new 
development, given the slope and 
neighboring land-uses and levels, the DTM 
was raised by 1m (Profile line A-A’).  In 
the Planned and Optimum scenarios, this 
flow areas remains rural and therefore no 
modification was applied. 

• 2D flow area Tocu_3: In the Planned and 
Business-as-usual, the DTM north of the 
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Pan-American Highway was raised by 
1m (Profile line B-B’).  South of the Pan-
American, the ground levels were uneven 
and cleared of vegetation in some cases, 
landfilling to the current highest values was 
assumed (Profile line C-C’).  In the Optimum 
scenario, the DTM was modified to enhance 
connectivity between the river and already 
low areas where flow paths (Profile line C-C’).  
Additionally, some of the banks were lowered 
to help the reconnection.  New levels in this 
scenario were based on modelled water 
levels with the aim of reconnecting the river 
with its floodplain in the 10-year event.

• 2D flow area Tocu_4: This area is currently 
very low, appearing to be well connected 
to the Tocumen river even in small 
frequent events. In the Business-as-usual 
scenario and Planned, to account for the 
new development, the landfilling practice 
observed in Panama was assumed. 
Observations on site indicate that there has 
already been some localized land-filling here, 
as well as a raising of the right bank of the 
Tocumen (Figure 9-11). The entire 2D flow 
area was raised. Levels from the north and 
south boundaries of the 2D flow areas were 
interpolated (Profile line D-D’ and Profile line 
E-E’). In the Planned scenario, given that is 
a planned scenario, the main flow path was 
left on the DTM to allow for some drainage. 
Those are the low points in the profile lines 
in the Planned scenario. In the Optimum 
scenario, the DTM was modified to enhance 
connectivity between the river and already 
low areas where flow paths (Profile line D-D’, 
and E-E’).  Additionally, some of the banks 
were lowered to help the reconnection.  
New levels in this scenario were based 
on modelled water levels with the aim of 
reconnecting the river with its floodplain in 
the 10-year event.

• 2D flow area Coast_2: In the Business-
as-usual scenario a new development 

covering all this area was planned.  Given the 
landfilled levels already in parts of this area 
shown in Figure 9-12, and the evidence from 
existing developments in the coastal plain 
(e.g. Costa del Este, Santa Maria Golf Club 
and Plaza Costa Sur), DTM levels lower than 
7.3mAD were raised to a level of 7.3mAD 
(Profile line F-F’).  In the Planned and 
Optimum scenarios, there is no development 
contemplated for this area and therefore no 
modifications were made to the DTM.

9.7.3 Modelling future shoreline 
recession and accretion

Three potential drivers for shoreline recession 
and/or accretion were identified:

• Sea-Level Rise. The geometric response to 
sea level rise approximately corresponds to 
the surface gradient of the intertidal terrace, 
which is approximately 150:1. This means 
that approximately 150m shoreline recession 
could occur for 1m sea level rise due to 
geometric response.  In that case, a SLR 
of 0.313m would give a recession of 47m 
by 2050.  See section 7.2 on this report for 
further details.

• Change in mangrove condition.  This 
refers to the overall health and resilience 
of the mangroves, in particular their 
resilience in response to pressures from 
the landward side including encroachment 
of development, interruption of surface 
water flows and contamination.  A healthy 
mangrove is one that has limited pressures 
from the landward side, and where the 
heterogeneity of species and health of 
established mangroves is such that the 
system is better able to cope with shocks 
from the seaward side.  A change in 
mangrove condition results in a change in 
the effective seaward limit of the mangroves. 
For the purpose of the scenarios, this should 
be 0m, 0.5m and 1.5m respectively. Using 
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Figure 9-10 (a): Modifications in the DTM between the baseline and three future scenarios
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Figure 9-10 (b): Modifications in the DTM  
between the baseline and three  
future scenarios

Figure 9-11: Raised river bank (L)  
and partial land-filling (R) south  
of Via Tocumen (within Tocu_4)
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Figure 9-12: Landfilled levels on the coastal floodplain west  
of the Tocumen (based on 2018 LiDAR)
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the gradient of the intertidal area, this gives 
75m erosion, steady and 150m ‘accretion’ 
respectively.

• Change in mangrove width.  A change 
in coastal mangrove width also has 
potential impact. This is partly described 
by Winterwerp et al (2013) who note 
the shift between a convex profile and 
concave profile as a mangrove coast 
switches from stable or accreting towards 
eroding. Essentially the mangrove width 
defines the volume of seawater and the 
time of settlement available for incoming 
sediments.

Halving the mangrove width effectively reduces 
the coastal recovery rate after an erosion 
phase.  No clear representation of this has been 
identified on the Panama coast.  Episodes of 
5-10m erosion have been identified, which 
had generally recovered in 3-4 years.   Using 
this very limited evidence as a basis, it would 
imply that 200m width is required for ~2m/yr 
‘recovery’ rates.

If those erosion events are typical of a 10-
year Average Recurrence Interval (ARI, i.e. on 
average 10m erosion every decade, balanced 
by >10m recovery capacity), then it would 
take reducing the width to about 100m before 
there is an inadequate recovery rate to balance 
occasional erosion pressure.

Reducing it to zero suggests that there is 
additional capacity for loss of about 5m/
decade, so by 2050, that would be an 
additional 15m recession for Business-as-usual 
scenario.  Note that this change driver should 
be considered to be of low confidence given 
the limited evidence base in the literature or in 
observational data for Panama.

The combined potential impacts of these 
drivers for shoreline recession or accretion are 
summarized in Table 8-3:

An example of how the DTMs levels change is 
presented in Figure 9-10 profile line G-G’.

9.7.4 Modelling future changes  
in hydraulic roughness  

The changes to hydraulic roughness were based 
on assumptions about the new urbanizations 
in scenarios Business-as-usual and Planned, 
and enhancement of the vegetation in scenario 
Optimum.  The roughness values chosen for 
scenarios Business-as-usual, Planned and 
Optimum are described in 9.3, 9.4, and 9.5 
respectively. Table 9-7 displayed the roughness 
modifications in the three future scenarios.

9.8 Results
9.8.1 Climate change

Considering the impacts of climate change in 
isolation from any land use changes, flood extents 
are predicted to increase across the catchment, 
as a result of the combination of increased rainfall 
intensity and increased sea levels to 2050.  In 
most locations, the locations of flooding broadly 
mirror those locations currently predicted to 
flood, but with the frequency and extents of flood 
hazards increasing.  The exception to this is that 
flooding from a combination of fluvial flooding 
from the Tocumen river and exceedance of local 
drainage capacity is predicted around the airport, 
including the area in front of the new terminal. 
(Figure 9-13). Levels in the 2D model in this area 
may represent levels during construction of the 
terminal rather than post-construction, however 
the results do indicate a potentially very significant 
increase in risk to this key asset, particularly given 
that the flood extents are also significant in a 1 in 
30-year event considering climate change.

9.8.2 Business-as-usual scenario

In the Business-as-usual scenario, there are 
minor increases in flood extents as a result of 
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Table 9-6: Drivers for shoreline recession / accretion

Shoreline recession (-) / accretion (+) (metres)  
by 2050 (compared to 2018 shoreline)

1. Sea-Level Rise

Change drivers Total  
(1 + 2 + 3)2. Mangrove condition 3. Mangrove width

Scenario

Business-as-usual

Planned

Optimum

-47

-47

-47

-75

0

+150

-15

0

0

-137

-47

+103

Table 9-7: Modification in roughness values between  
the baseline and three future scenarios  

Land Cover ClassID Manning’s n value

Baseline Business- 
as-usual 

Planned Optimal 

1

2

5

13

16

19

8

3

6

14

17

20

9

4

12

7

10

11

15

18

1.1.1.3. Urban area with green spaces

1.1.3.1. Dispersed rural housing

1.2.1.2. Commercial areas

3.1.4. Riparian forest

3.3.3. Bare lands

Bank covered on with concrete

2.3.1. Grasslands

1.1.3.2. Nucleated rural housing

1.2.2. Road and railway network

3.1.5. Mangrove

5.1.1. Streams/Rivers

New Urbanized areas

2.3.2. Grasslands with forest

1.2.1.1. Industrial areas

3.1.1. Dense forest

1.2.4. Airport

2.2.2. Permanent bush crops

2.4.4. Mosaic of grasslands with 
natural spaces

3.2.3. Secondary or transitional 
vegetation

5.1.2. Lagoons, lakes  
and natural marshlands

0.10

0.10

0.04

0.04

0.03

0.04

n/a

0.10

0.30

0.30

0.30

0.025

0.09

0.06

0.06

0.06

0.25

0.08

0.07

0.07

0.10

0.10

0.04

0.04

0.03

0.04

0.055

0.10

0.30

0.30

0.30

0.025

0.09

0.06

0.06

0.06

0.25

0.08

0.07

0.07

0.10

0.10

0.04

0.04

0.03

0.04

0.055

0.10

0.30

0.30

0.30

0.025

0.09

0.06

0.06

0.06

0.25

0.08

0.07

0.07

0.10

0.04

0.04

0.03

0.04

n/a

21 Improved mix forest n/a n/a n/a 0.08

0.10

0.30

0.30

0.30

0.025

0.09

0.06

0.06

0.06

0.25

0.08

0.07

0.07

0.10



182

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

modelled development in the upper catchment, 
but it is the airport and Don Bosco areas 
which are predicted to see the most dramatic 
increases in flood risk.  Figure 9-14 compares 
the baseline (blue) flood extents with those 
for the Business-as-usual scenario (pink), and 
the Business-as-usual scenario with climate 
change (green). In the airport, the combination 
of land-raising and development on land 
between the Tocumen and Tapia and within 
the mangroves has the impact of restricting 
drainage out of the airport and raising water 
levels in the river.  No new flow pathway for 
surface water out of the airport was modelled, 
so the only runoff capacity from the airport is 
represented by the drainage capacity allowance 
equivalent to drainage of the 1 in 10-year, one-
hour rainfall event, as stated in Table 4-10. This 
is a simplistic representation, but does reflect 
the fact that, without additional investment, the 
airport drainage system will have a restricted 
outflow capacity, and that, if land levels are 
raised around the southern end of the airport, 
any excess water during a major event will not 
be able to escape the airport and will flood the 
end of the runway.

This results in a combination of fluvial and 
pluvial flooding, including onto the runway 
and around the new terminal building.  When 
climate change is also factored in, the modelled 
flood extents also impact the existing terminal 
building.  Whilst this model does not include 
a detailed representation of the airport’s own 
drainage systems, it clearly demonstrates that 
a combination of restricting the discharge of 
surface water from the airport by land-raising 
around the southern perimeter of the airport, 
along with raising water levels in the river due 
to loss of mangroves and floodplain, results in a 
very significant increase in flood extents around 
what is a key national and regional transport 
hub.  This points to a need for more details 
modelling covering the whole airport drainage 
system, both existing and for the proposed 
runway expansion.  

In the south of the Don Bosco area, the impact 
of further land raising and development on 
the mangroves to the south of Corredor Sur 
Highway is predicted to exacerbate the issues 
already seen here: issues of discharging 
(especially during high sea levels) and surface 
water runoff being trapped by the higher 
ground of the Corredor Sur Highway. Within the 
baseline model, a flow pathway was stamped 
into the DTM to nominally represent drainage 
capacity beneath Corredor Sur and the existing 
raised development to the south of the highway, 
but beyond these flows were able to spread 
within the remaining mangrove area.  Within 
the Business-as-usual scenario, this mangrove 
is assumed to be land-filled and developed, 
resulting in further restriction of the drainage out 
of the Don Bosco area.

The loss of the remaining mangroves to land-
raising and urban development, along with 
similar losses as a result of development on 
fluvial floodplains, is demonstrated to have 
a potentially very significant impact on flood 
extents, particularly in the Airport and Don 
Bosco areas.  The modelled raising of the 
remaining landfill areas would also constrain 
the channel of the lower Tocumen, preventing 
flood flows from expanding laterally out from 
the river channel.  As a result, flow and energy is 
concentrated within the river channel, resulting 
in significant increases in in-channel velocities, 
as illustrated in Figure 9-15 for a point within 
the Tocumen channel some 460m upstream of 
the sea.  The peak velocities in the Business-
as-usual scenario (orange line) are more than 
double the peak velocities in the baseline, and 
continue for many hours as the backed up 
volumes of flood water slowly discharged from 
the catchment.  This erosional pressure would 
be expected to lead to river-bank instability, 
requiring the construction of hard banks along 
both sides of the lower Tocumen.
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Figure 9-13: Comparison of Baseline and Climate Change  
1 in 100-year flood extents, Tocumen Airport

9.8.3 Planned scenario

The Planned scenario, which allows for the land 
designated for development between the rivers 
Tocumen and Tapia to be raised, results in a small 
increase in water levels in the Tocumen, resulting 
in a small increase in flooding extents within the 
airport (pink) when compared to the baseline 
(blue), but nothing as severe as the Business-as-
usual scenario (see Figure 9-19). This is because, 
in the Planned scenario, the remaining mangroves 
are left largely intact, and hence drainage from the 
airport is maintained and the mangroves maintain 
lower water levels in the Tocumen river.

When the impacts of climate change on sea-
level and rainfall intensity are also factored in, 

there is a further expansion of flood extents with 
the airport (green), in particular in the area in 
front of the new terminal building.

Considering the impacts on in-channel 
velocities and erosional pressures within the 
lower Tocumen (see Figure 9-15), it is perhaps 
surprising that results for the Planned scenario 
show even higher peak velocities than the 
Business-as-usual scenario, although over a 
shorter period of time.  Looking further into the 
results, this is probably because the increased 
flood flows from upstream coincide with 
water draining off the remaining mangroves.  
This illustrates that the form and location of 
development can have complex results, and 
emphasizes that, even if development within the 
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Figure 9-14: Comparison of Baseline and Business-as-usual scenario  
1 in 100-year flood extents, Tocumen Airport and Don Bosco

mangroves is restricted, developments upstream 
could have negative impacts which destabilize 
what has historically been a relatively stable 
section of river channel through the mangroves.

9.8.4 Optimum scenario

The Optimum scenario allows for the protection 
and enhancement of the existing mangroves, 
and enhancement of floodplain connectivity 
within reaches 2 and 3 of the Tocumen river. 
As the plans in Figure 9-17 and Figure 9-18 
show, the changes made to the ground levels 
in these areas has increased the floodplain 
storage, however, as the long sections show, 
there is a nominal impact on water levels in 
the river. This may be because the floodplain 

storage provided is being mobilized ahead 
of the peak river flow. This is something that 
may be possible to improve through a detailed 
design process for these two floodplain areas, 
such that they start to fill at the optimal level to 
reduce risk in the catchment.

Across the catchment, this scenario does not 
lead to any significant reductions in flood extents 
in areas currently at risk, and the scenario is not 
able to significantly mitigate against the impacts 
of climate change.  However, the benefits of this 
scenario should be seen as:

• It enables future development within the 
catchment without significant increase in risk 
to existing developed areas and to the airport.  
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• The measures to restore floodplains and 
protect and restore the mangroves would 
have multiple benefits for biodiversity, 
recreation and education.

• Figure 9-15 illustrates that velocities in the 
lower Tocumen are not predicted to raise 
significantly as a result of the Optimum 
scenario.  This is because attenuation 
and dispersion of flood flows within the 
mangroves and floodplains reduces the 
concentration of flows seen in the main 
channel in the other scenarios.

9.8.5 Future risk

Figure 9-19 illustrates the predicted changes in 
flood damages to buildings for the baseline and 
three future scenarios (with and without climate 
change impacts) for three return periods.  The 
key findings are:

• There is a very substantial increase in 
damages in the Business-as-usual scenario, 
largely driven by increased extents and 
depths of flooding to residential properties 
in Versalles, the industrial park south of Via 
Tocumen and west of Corredor Sur Highway, 
and the industrial park off Calle del INADEH.   

• There is not a significant increase in 
damages to buildings within the airport, 
as the flooding is predicted to occur in the 
car park areas in front of the existing and 
new terminals, and to the runway.  This 
assessment does not quantify the impact of 
disruption to services at the airport, which 
is the largest by passenger numbers in 
Central America.  Clearly this could be very 
substantial in the event of flooding which 
prevented flights taking off or passengers 
from entering or exiting the airport.

• The Planned and Optimum come close to 
mitigating against the impacts of further, 
planned urbanization in the catchment, with 
the Optimum having slightly greater benefits 
in terms of flood damages.

• Increased rainfall intensity and sea level 
rise as a result of climate change increase 
risk in all scenarios, but it is in the scenario 
Business-as-usual where the impacts of 
climate change are most severe.  This is 
because this scenario relies upon the limited 
capacity of urban drainage systems and 
the river channels, rather than using the 
floodplains and mangroves to slow and 
store water.

9.9 Discussion: future 
flood risk in the 
Tocumen catchment
The assessment of future hazard and risk 
illustrates that climate change, as a combination 
of rising sea levels and more intense rainfall, 
could lead to a significant increase in flood 
risks, irrespective of future pathways for 
development within the study area.  Clearly, 
even just to maintain the status quo of risk at 
present day levels will, in the face of climate 
change, require significant investment in flood 

Figure 9-15: Impact of land-raising  
in the mangroves on flow velocities  
in the lower Tocumen 
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Figure 9-16: Comparison of Baseline and Planned  
1 in 100-year flood extents, Tocumen Airport

risk management measures above and beyond 
even what has been allowed for in the Optimum 
scenario.

The three scenarios for future land use do, 
however, indicate that future decisions on the 
locations and nature of development in the 
catchment will have a very significant impact 
on future flood risk.  In the Business-as-
usual scenario, these impacts are particularly 
concerning around Tocumen airport and 
the Don Bosco community.  In short, further 
development based on land-raising and 
uncontrolled discharge of surface water from 
urban areas will concentrate flows within 
the river channels, leading to higher water 
levels and increased flooding in these low-

lying areas from a combination of fluvial and 
pluvial sources.  Flooding is not the only 
hazard expected to increase in this scenario; 
the concentration of higher flows within river 
channels will lead to higher velocities and hence 
increased erosion hazards.  This scenario would 
also require large-scale investment in hard 
defences both along the coastline and along the 
rivers to mitigate against scour hazards.

The Planned scenario indicates that application 
of planning regulations in line with the Local 
Plan would lessen, but not reverse the increase 
in flood risk as a result of urbanization.  
Whilst being a step forward from the form of 
development which has prevailed in recent 
years, it is not a pathway which will, by itself, 
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Figure 9-17: Impact on increased floodplain storage,  
Tocumen reach 2
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Figure 9-18: Impact on increased floodplain storage,  
Tocumen reach 3
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drive a reduction in flood risk, even ignoring the 
impacts of climate change.

The Optimum scenario demonstrates how 
the impacts of future growth in the catchment 
could, with strong planning controls and 
investment in NBS, be all but neutralized.  This 
is a positive result, but not one which could 
demonstrate, on the grounds of flood risk 
alone, a strong cost-benefit case for investment 
in NBS.  In common with NBS approaches 
elsewhere, this case would need to be built up 
considering the wider benefits of protecting and 
restoring mangroves and floodplains, including 
biodiversity, amenity, carbon capture, water 
quality, air quality and temperature regulation 
and fisheries.

The future direction of flood risk management 
will inevitably be closely linked to the direction 
of economic and social development within 
Panama.  The Business-as-usual scenario 
foresees a continuation of real estate driven 
economic growth which, along with Canal 
and the financial services sectors, has been a 
major contributor to the Panamanian economy.  
Clearly there are economic benefits of continued 
urban expansion, but these benefits are 
primarily realized by a small number of land 
owners,  developers and investors, whereas 
the costs in terms of increased flood risk, 
loss of ecosystem services and future costs 
of maintaining expensive assets in the face of 
climate change, for example sea walls and river 
defences, will fall mainly upon local residents 

Baseline Baseline 
+CC

Business-
as-usual

Business-as-
usual +CC

Planned Planned  
+ CC

Optimum Optimum 
+CC

Return period 
(1 in x-year)

1 in 10

1 in 30

1 in 100

$4,479,259 $9,274,465 $70,361,203 $78,358,126 $4,679,177 $10,081,186 $4,504,185 $9,551,676

$5,693,303 $12,208,788 $72,191,489 $94,644,013 $6,016,357 $13,873,183 $5,769,263 $12,516,850

$7,937,530 $15,954,894 $75,017,555 $113,857,120 $8,423,618 $18,874,764 $8,103,118 $16,946,780

Figure 9-19: Total damages for baseline and future scenarios
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and on the public services.  The Planned 
scenario doesn’t foresee a significant change 
to this economic status-quo, but would require 
the consistent application of zonal planning and 
development control.  

The Optimum scenario, by contrast, is likely 
to require a significant change in how costs 
and benefits are evaluated and shared when 
considering land development.  The modelled 
enhancements of the mangroves and two 
floodplain areas in the Optimum Scenario are 
a simple, hydraulics-focused representation of 
what, in reality, will be a complex combination 
of changes required to protect and restore these 
areas, including:

• Legal protection to prevent development, 
land-raising or other harmful activities with 
protected area of the Ramsar site

• Improved wastewater management in order 
to improve the quality of surface waters

• Improved solid waste collection to address 
the sources of solid waste currently collecting 
in the coastal zone.  This includes sources 
both within the catchment, across the city 
and the wider bay of Panama

• A detailed assessment of the airport 
drainage and its linkage with the mangroves, 
considering both the present-day airport 
and the future expansion plans including an 
additional runway

• Detailed morphological and ecological 
surveys of the Tocumen mangroves in order 
to further characterize their existing condition, 
and to make detailed recommendations for 
their rehabilitation

• Within the two fluvial floodplain restoration 
areas, significant planning powers and 
engagement with stakeholders will be 
required in order to develop master plans for 

these two large sites which can create space 
for development alongside space for nature 
and water

• Identify and realize sources of finance which 
can finance both capital spend and ongoing 
maintenance of Nature-Based Solutions.  
Within the mangroves, these might include 
important stakeholders (for example 
Tocumen airport, or private developers) as 
well as generating income through low-
impact recreational and tourism, in line with 
the proposals in the Waterfront Conceptual 
Plan 2019.

There is some positive evidence of increasing 
interest in managing flood risks through NBS 
in Panama.  The Water Dialogues initiative, 
funded by the Municipality of Panama, 
makes recommendations for improving the 
management of surface water drainage from 
development sites, including the adoption of 
SuDS, a form of NBS.  This approach has been 
modelled within the Optimum Scenario.   

A common theme raised by several 
stakeholders during the project consultations 
was that, as a low tax jurisdiction, wealth and 
power is concentrated in the private sector in 
Panama, with the public sector having limited 
powers and funding to construct, for example, 
flood defences.  A recent thesis (Rodenburg, 
2018) investigated potential sources of private 
finance for nature-based solutions to urban 
flooding in Panama City.  This study, which 
included interviews with representatives of 
the property investment, development and 
construction industry as well as public sector 
and technical experts, reviewed the potential 
for a wide range of private funding mechanisms 
to contribute to funding NBS.  Three forms of 
funding were considered to be potentially viable 
within existing economic structures within the 
country, and could have application within the 
study area;
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• User fees – these could have some 
application in helping to fund mangrove 
restoration following a low-impact tourism 
approach to accessing the mangroves as 
illustrated in the Conceptual Plan for the 
city’s waterfront.  Within the floodplain 
restoration areas, the focus should be on 
providing free access to recreational space 
for local residents, many from low-income 
communities, so there may be limited scope 
for user charging.   

• For-profits investments are investments 
in commercial activities with positive 
environmental outcomes.  These could 
include green bonds which would typically 
seek investors to fund a portfolio of 
environmentally beneficial schemes, 
perhaps at a city or national scale.

• Income from commercial activities.  Here 
there may be opportunities to utilize large 
open recreational spaces within the floodplain 
restoration areas, which have potential for 
revenue-raising activities such as concerts 
during the dry season. Within the mangroves 
there would be limited scope for commercial 
activity given the low-impact objectives, 
but potentially complementary commercial 
activities, such as an interactive science and 
nature discovery center, could be located 
close to the mangroves, with each attraction 
encouraging visitors to the other. 

Notwithstanding these opportunities, it 
is difficult to foresee that the necessary 
investments in flood risk management, including 
nature-based solutions, harder engineered 
solutions and non-structural measures, such as 
early flood warning systems, could be funded 
without significant support from the national and 
city authorities.  
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RECOMMENDATIONS

10.1 Spatial planning
• Evidence has been gathered of substantial 

plans to extent urban development into 
the Tocumen mangroves and further 
eastwards, including Outlet Mall Panama, 
Costa del Sol (Panatrópolis), a new airport 
runway and Panama Global City.  Whilst 
the approval status of these developments 
remains uncertain (as they all at least 
partly cover areas zoned as protected in 
the draft Local Plan), it is clear that there 
is continuing pressure for development 
eastwards within the coastal plain, which, 
as has already occurred further to the west, 
would result in the partial or total loss of the 
remaining mangroves. 

• •Modelling has demonstrated that a 
continuation of the recent pattern of 
development along the city’s coastal plain, 
involving land-filling of mangroves prior to 
urban expansion, would substantially raise 
flood risks in the Tocumen catchment, most 
notably to the Tocumen International Airport 
and to the Don Bosco community.  

• Strict implementation of the land-use zoning 
proposed within the Local Plan would, by 
preventing further development within the 
wetlands and mangroves, mitigate against 
the most damaging impacts of development, 
and should be considered to be a minimum 
requirement in order to manage flood risk 
but also in terms of meeting obligations to 
protect the Ramsar site.

• Going beyond what is currently foreseen in 
the Local Plan, the study has demonstrated 
benefits, in terms of flood risk mitigation, 
of protecting and enhancing the remaining 
mangroves and coastal wetlands, as well 
as utilizing areas of currently undeveloped 

floodplains in the River Tocumen to make 
space for the storage of water during 
flood events.  Two large floodplain areas 
have been identified as being suitable and 
potentially beneficial.  It is recommended 
that consideration be given to defining parts 
of these sites as areas for the protection of 
hydrological resources (Áreas de protección 
de los recursos hídricos) in the Local Plan.  
These large sites will require collaborative 
master planning in order to provide flood 
risk management as well as amenity and 
biodiversity benefits alongside spaces for 
development on the higher ground.  

• The flood hazard outlines developed for 
this study should be used to update the 
flood zones defined in the Local Plan (the 
Urban Land Conditioned due to Risk of 
Flooding (Zona Condicionada por Riesgo 
de Inundación – Suelos Urbanos) and 
Rural Land Conditioned due to Risk of 
Flooding (Zona de Prohibición por Riesgo de 
Inundación – Suelos Rurales).

• Opportunities for the public to enter, enjoy 
and learn about mangroves are very limited 
within the city.  The waterfront masterplan 
(Panamá al Frente) proposes a low impact 
visitor access into the Tocumen mangroves 
and provides a strong opportunity for 
public recreation and education, linked 
to measures to restore and enhance the 
Tocumen mangroves.

10.2 Coastal 
management
Coastal hazard mitigation roles potentially 
provided by mangroves for the Panama 
City coast include damping of wave action, 
reduction of long-term coastal recession, 
reduced downstream flooding, increased 
sediment retention on the coastal plain, and 
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improved channel stability. The relative value 
of these roles differs substantially between the 
highly developed coastal area, such as Costa 
da Este and the less developed area, including 
the lower Tocumen River coast:

• In the highly developed areas, the main 
potential roles of mangroves are to mitigate 
coastal recession hazard and reduce wave 
runup;

• For the less developed areas, the main 
potential role for coastal mangroves is to 
modify the potential for coastal and riverine 
flood risk.  Modelling has illustrated a very 
substantial increase in flood risks as a result 
of landfilling and development within the 
existing mangroves.  This scenario would 
also raise velocities in the main channel, 
and make any newly developed land highly 
dependent on major coastal and riverbank 
defences to protect against increased 
erosional pressures.  

• By contrast, protection and enhancement 
of the mangroves has the potential to 
contribute to mitigating the hazard impacts 
of further development within the catchment.  
Model results do, however, illustrate that 
land-raising higher in the catchment may 
lead to increased in-channel velocities and 
hence higher erosional pressures within the 
mangroves.  Along with other pressures from 
upstream including water quality and solid 
waste, this underlines that the mangroves 
are dependent upon good planning and 
management throughout the catchment.    

• For the highly developed area, high land 
and infrastructure values provide a strong 
imperative for protection.  Consequently, 
a primary valuation for enhancing or 
preserving the existing coastal mangroves 
is the cost saving enabled by having a 
shorter length or less massive coastal 
protection works. For the 4.5km length of 

highly developed foreshore in front of Costa 
del Este, relative benefits of preserving or 
enhancing the existing fringing mangrove 
community have been considered by 
looking at the length of walling required for 
protection.

10.3 Managing rivers
• The proposed floodplain restoration 

measures would need careful consideration 
and planning, both to maximize their 
potential multiple benefits, and to prevent 
damage to existing flora and fauna where 
this is found to be of importance.   The 
next stage of assessment for these 
floodplain areas should consider including 
an ecological appraisal including site visit, 
topographic survey including mapping of 
existing natural and built assets, and further 
hydrodynamic modelling.  

• Early engagement with existing landowners, 
potential developers and urban planners 
will be essential to develop plans for these 
sites which can encompass a mix of built 
development and green spaces providing 
opportunities for flood management, 
biodiversity enhancement, recreation and 
sustainable transport routes.   

• Riparian vegetation should be protected 
and, where possible, restored where it has 
been cleared.  This is particularly important 
in the “middle catchment “areas and areas 
close to the Ramsar site.  It will help create 
habitat corridors among the urbanized 
areas, providing additional habitat features 
for species, including refuge, nesting and 
foraging opportunities.  Additionally, riparian 
planting can act as a buffer to reduce 
agricultural runoff and other pollutants from 
entering the watercourses, which would help 
dealing with the high pollution observed in 
the Tapia river.  
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• It is recommended that further work 
could be conducted into investigating the 
impact of the Ford located upstream of 
the Tocumen and Tapia rivers confluence.  
There is photographic evidence that the 
ford remains dry for parts of the day and 
it does not appear to have a fish pass in 
place which.  This could significantly alter 
the depth of water and velocity of flow, 
leading to over deepened impounded 
reaches upstream, altering the habitat 
characteristics. 

• In order to determine the true benefit of 
the recommended restorations and assess 
which would provide the most environmental 
benefit at a reasonable cost, a full cost 
benefit analysis is recommended.  The 
proposed restoration measures will require 
further assessment to identify and assess 
local constraints.  Some will also require 
design work before installation.  Undertake 
detailed design and consider the impact 
of the proposed restoration measure(s) 
on flood risk may require further hydraulic 
modelling with more precise floodplain 
levels. 

• The proposed restoration areas are located 
close to protected areas and a Ramsar 
convention site. Before any restoration 
work commence, targeted surveys should 
be undertaken to assess the distribution of 
local and protected species to ensure that 
all works are legally complaint.  It is also 
recommended that further botanical surveys 
are undertaken to determine a baseline 
of species richness along the Tocumen 
and Tapia rivers.  This will help inform the 
detailed development of further restoration 
and management opportunities.

10.4 Tocumen 
International Airport 

• Simplistic assumptions have been made 
about the capacity of the airport drainage 
systems, the potential for storage within 
the airport perimeter, and the ability of the 
airport drainage to effectively discharge at 
all tidal states.  It is recommended that a 
detailed assessment be undertaken of the 
existing airport drainage and future drainage 
following expansion including a new runway.  

• The airport’s surface water drains into the 
Cabra river through the mangroves, and is 
an important source of surface water for a 
section of the mangroves.  The drainage 
assessment should consider how this key 
source of fresh water can be protected and 
enhanced, including consideration of the 
points of outfall and the water quality.  

• The assessment of baseline flooding has 
identified that the present-day risk to the 
airport is low; the diverted channel of the 
River Tocumen is capable of conveying the 
1in 100-year fluvial flow.  The combined 
impacts of sea-level rise and increased 
rainfall intensity as a result of climate change 
are predicted to lead to significant increases 
in risk to the airport from both fluvial and 
pluvial sources.  Significant flooding around 
the entrances to both terminal buildings is 
predicted vent in the 1 in 30-year event.   

• Future land-use changes also have the 
potential to significantly increase risk to the 
airport.  Various proposals foresee urban 
expansion all around the southern end of 
the airport.  Based on recent and current 
development practice, this is expected to be 
preceded by landfilling of low-lying areas.  
The catchment-scale modelling indicates 
that such development could pose a very 
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substantial risk to the airport’s operations, 
including a risk of flooding the southern end 
of the runway. Raised development within 
the mangroves would also be dependent 
upon construction and maintenance of a 
hard coastal defence line in order to resist 
coastal erosion.  

• As one of the country’s key economic 
assets, disruption as a result of flooding 
could have severe direct and indirect 
economic consequences.  Any proposals for 
development within the mangrove area to 
the south of the airport, including expansion 
of the airport itself, should be considered 
as potentially high risk to both the natural 
environment and to the airport’s operations.

10.5 Urban drainage
• The recommendations of the Municipality 

of Panama and Wetlands International 
Water Dialogues regarding changes to 
urban drainage design standards have the 
potential to improve the management of 
surface water from newly developed and 
redeveloped sites.  

• The application of Sustainable Drainage 
Systems or urban NBS in Panama is in its 
infancy.  Developing a successful pathway 
to implementing NBS in urban design will 
require a combination of regulatory change, 
development of design guidance specific to 
the needs of Panama, and capacity building 
amongst planners, landscape architects, 
architects, engineers and ultimately end 
users.

10.6 Financing
• As a low tax jurisdiction, wealth and power 

is concentrated in the private sector in 
Panama, with the public sector having 

limited powers and funding to construct, for 
example, flood defences.  A recent thesis 
(Rodenburg, 2018) investigated potential 
sources of private finance for nature-based 
solutions to urban flooding in Panama.  This 
study reviewed the potential for a wide 
range of private funding mechanisms to 
contribute to funding NBS.  Three forms of 
funding were considered to be potentially 
viable within existing economic structures 
within the country; user fees to access 
protected areas, for-profits investments and 
income from commercial activities. 

• Notwithstanding these opportunities, it 
is difficult to foresee that the necessary 
investments in flood risk management, 
including nature-based solutions, harder 
engineered solutions and non-structural 
measures, such as early flood warning 
systems, could be funded without 
significant support from the national and city 
authorities.

10.7 Flood risk 
management
• The outputs of this study should be made 

available to key stakeholder organizations, 
in particular those organizations tasked 
with responding to flood events including 
SENAPROC, the police and fire brigade.  

• Limitations have been identified with the 
CAPRA vulnerability curves applied in this 
study.  It is recommended that further work 
be undertaken to develop a suite of curves 
appropriate to the Central America region, 
which consider a wider range of building 
types and take account of the impacts of 
velocity as well as depth.   

• The study predicts that the Don Bosco 
community, to the north of Corredor Sur, is 



196

Flood risk assessment and prioritization of hybrid infrastructure  
for flood risk reduction in the Tocumen river basin in Panama City

exposed to significant flood risks due to a 
combination of rapid surface water runoff, 
very high coverage of impermeable surfaces, 
and restricted surface water discharge as 
a result of the construction of Corredor Sur 
and the land-filling of the mangroves to the 
south of the Highway.  The study was based 
on relatively low confidence DTM data in this 
area, and the capacity of drainage beneath 
Corredor Sur was assumed.  This area should 
be considered a priority for updating the 
modelling with detailed drainage asset data.

10.8 Data collection 
and technical studies
• It is recommended that gauges are installed 

along the main modelled rivers in order to 
record flow and level data.  This information 
will be useful not only for calibration of models 
in the future but also to build automated 
forecasting and flood warning systems. 

• The composite DTM used to represent the 
topography in the 2D model represents a 
combination of the best available elevation 
data in the Tocumen catchment.  However, 
it is considered to be overall relatively low 
confidence data, as a result of significant 
changes in elevation between different 
datasets, the age of some areas of data 
in a fast-changing catchment, and the 
inherent inaccuracies within some of the 
source data, especially of the SRTM.  The 
model results confidence is link to the DTM 
confidence.  Therefore, it is recommended 
that, in order to assist future development 
within the catchment and better manage 
flood risk, that LiDAR be flown for the whole 
catchment, and, where there has been 
significant change, updated in the future.

• It is recommended that further work 
could be conducted into investigating the 
surface water interaction with the modelled 
watercourse.  In particular for the established 
urban area north of Corredor Sur Highway 
and west of the Tapia river; and the area 
between the Panamerican and Via Tocumen 
Highways.  These areas are shown to be 
at risk of surface water flooding in small 
return periods and climate change could 
exacerbate the flood risk in these areas.  

• Following any future flood events, efforts 
should be made to gather more evidence 
on the extents of flooding and the 
resulting damages.  This data would assist 
future studies, including enabling further 
verification of modelled flood hazard and 
risks compared to observed flood extents 
and actual damages.  

• At a national scale, consideration should be 
given to developing programs for monitoring 
the condition of waterbodies, including 
wetlands and mangroves.  Whilst there 
is good evidence gathering on individual 
aspects of habitat condition (for example 
work undertaken by Wetlands International, 
the Audubon Foundation, SENACYT and 
MiAmbiente), establishing a consistent 
methodology for assessing condition in the 
round (including water quality, hydrology, 
geomorphology and biodiversity) would 
be an important step towards prioritizing 
protection and investment in restoration.

At the scale of the Tocumen and adjacent Cabra 
river mangroves and coastal wetlands, given the 
scale of development pressure which threatens 
to destroy these natural habitats, an integrated 
assessment of their existing condition and 
benefits from ecosystem services would help to 
build the evidence base for further protection 
from development.  This study could contribute 
understanding of the flood risk management 
benefits to such an integrated assessment.
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